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Abstract 
This thesis is about optical characterisation by photoluminescence, 
cathodoluminescence, Raman scattering, UV-VIS-NIR and FTIR absorption of 
defects in type Ia diamond and the change thereof after High Pressure High 
Temperature (HPHT) annealing. 
Defects give colour to a diamond and colour is one of the price-determining factors of 
a cut and polished gem diamond. In some cases it is possible to enhance the colour of 
diamond with a low initial colour grade, potentially increasing its selling price by a 
factor of 10 or more. It is therefore extremely important for a gem-testing laboratory 
to have an understanding of defects in diamond, in general, and of the time-evolution 
of defects generated by HPHT treatment. The studies in this thesis, summarised 
below, will contribute to this understanding. 
Chapter one is an introduction summarising the relevant defects in the natural 
diamonds under study, the theory of electron-phonon coupling and its consequences. 
Chapter two illustrates the application of linear electron-phonon coupling on two 
defects, frequently encountered in brown diamond. 
Chapter three illustrates a more fundamental consequence of linear electron-phonon 
coupling: sub-threshold excitation of the luminescence originating from defects in 
diamond. 
Chapter four is concerned with vibrations of nitrogen aggregates in diamond as these 
should determine the attempt-to-escape frequency: the exponential pre-factor in the 
rate-constant for aggregation. 
Chapter five characterises the annealing of irradiation defects produced in-diamond. 
This is important because the migration of vacancies is one of the basic processes 
when brown type la diamond is annealed at HPHT. 
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Chapter six deals with the various nitrogen-vacancy defects which are created when 
brown type Ia diamond is annealed under HPHT conditions. A model is Proposed 
which simulates the time evolution of defects in diamond. 
Chapter seven draws the conclusions and points to further work. 
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Perfectly crystallized diamond without point defects is colourless because of its wide 
electronic bandgap, (5.49 eV at 77 K) (Clark et aL 1964). The presence of defects in 
the diamond lattice can induce local states in the bandgap of diamond. An electron 
can be promoted from one electronic state to a higher electronic state by the 
absorption of a photon. The optical absorption by these defects may give the diamond 
a colour. 
Defects in diamond can be subdivided in two classes: intrinsic and extrinsic. 
Examples of intrinsic defects are vacancies, dislocations, stacking faults, interstitial 
carbon atoms, ... Examples of extrinsic defects, are nitrogen and boron both of which 
are substitutional defects. Other, less studied impurities are hydrogen, silicon, nickel, 
and cobalt. Some of the large atoms can be present as interstitials (Isoya et aL 1990) 
while others occupy a position halfway between two vacancies (Nadolinny et aL 
1999). Both configurations are supposed to decrease the stress of the defect due to its 
relatively larger atomic size, compared to the carbon host lattice atom. Hydrogen is 
not commonly studied defect in semiconductors as it is elusive, unless bonded to a 
host lattice or another impurity atom. 
The bonding in diamond between the carbon atoms is purely covalent and 
consequently there is no strong absorption in the infrared spectral region. Weak 
intrinsic absorption due to two and three phonon combination bands of diamond can 
be seen in the infrared absorption spectrum between 4000 and -1330 wavenumbers 
(Lax and Burstein 1955). Substitutional defects can induce small dipole moments 
leading to optical absorption in the one-phonon region of diamond (Lax and Burstein 
1955). 
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Most natural diamonds contain nitrogen as a substitutional impurity, giving rise to 
characteristic absorption in the one-phonon region (Kaiser and Bond 1959). The 
classification of diamond is based on the presence and aggregation stage of nitrogen. 
Diamonds with nitrogen as an impurity are called type I, while diamonds without 
nitrogen are called type II (Robertson et aL 1934). In both categories further 
subdivisions are made: type la diamond contains nitrogen aggregated in groups of two 
(A defects), three (N3 defects) or four nitrogen atoms (B defects) (Boyd et aL 1995, 
Davies 1976), while the majority of the nitrogen atoms in type lb diamonds is in 
single substitutional form (Smith et aL 1959, Chrenko et aL 1971). Most synthetic 
diamonds are type Ib diamonds (Dyer 1965a). Type II diamonds are also subdivided 
into two different classes: type Ha diamond is relatively free from extrinsic impurities, 
while type IIb diamond has boron as the major impurity (Lightowlers and Collins 
1976). This last type of diamond is also the only natural type of diamond which is 
semi-conductive (p-type). 
Type Ia diamonds are also called type IaA, type IaB or type IaA/B depending whether 
the dominant defects are A defects, B defects or a combination of A and B defects. 
Many of the nitrogen-related defects are optically active in the ultra-violet and visible 
spectral region (UV-VIS). The so-called N3 defect consists of three nitrogen atoms 
around a vacancy and the typical absorption spectrum gives the diamond a pale 
yellow colour, also known as the Cape colour. Pure type IaA diamond does not 
absorb visible light but has a number of sharp absorption lines and an absorption 
continuum in the UV region. 
Radiation induced defects also have localised states in the bandgap and optical 
absorption due to vacancies and interstitials can be detected in diamond after 
irradiation with a sufficient dose and energy (Clark et aL 1956a, Davies 1974a, Smith 
el aL 2004). Depending on the presence of other point defects like nitrogen or 
hydrogen, annealing of the primary irradiation defects at typically 800 'C induces 
changes in the UV-VIS absorption spectrum as single nitrogen atoms and nitrogen 
aggregates can trap vacancies (Davies 1974a, Lawson et al. 1992a). For example, the 
A and B defects can trap a vacancy during the annealing and these convert into an H3 
and an H4 defect respectively. After high temperature annealing, at approximately 
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1100 'C, additional defects can also be detected in the infrared spectrum of the 
diamond. These defects are thought to consist of a nitrogen aggregate and a radiation 
damage product, the so-called 594 run defect (Collins et aL 1986). Depending on the 
type of aggregate (A defect or aB defect), the defect created will be the HIb or HIc 
defect respectively. The decay of the 594 nm absorption strength and simultaneous 
growth of the Hlb and Hlc defects as a function of temperature has been studied by 
Collins et aL (1986). 
In all cases, colour in diamond is caused by absorption of light by one defect or a 
combination of defects. The colour of a sample depends on its spectrum and can be 
characterised by a colour coordinate in the CIE chromaticity diagram, see appendix A. 
At room temperature, optical absorption spectra caused by defects consist of a broad 
band giving diamond a specific colour. This broad band is caused by electron-phonon 
coupling which is the interaction between the phonons in the lattice and the electronic 
levels of the defect in the bandgap (the next section will give a review of linear 
electron phonon coupling). As a result, the optical absorption related to the transition 
between two electronic levels is a sharp line (the so-called zero phonon line), plus a 
so-called side band. At room temperature, the line and side band are broadened 
because of various interactions and are in the majority of cases indistinguishable. The 
mono-vacancy in diamond has a zero phonon line (GRI line) at 741 mn and a broad 
side band with a maximum at - 620 rim, giving the diamond a blue to blue-green 
colour. Depending on the irradiation dose and energy, additional absorption starting 
at 500 mn and increasing with shorter wavelength, can be detected in irradiated 
diamonds. The result of the combination of this increasing absorption and the GRI 
band is a transmission window at - 500 nm in the VIS absorption spectrum, giving 
the diamond a green colour. Other defects like the 594 nm defect give the diamond a 
golden-yellow colour. H3 and H4 defects absorb light with a wavelength shorter than 
500 nin and give the diamond a yellow colour. Fluorescence or emission of light of 
these defects peaks at 520 mn and is perceived as green. The presence of H3 and H4 
defects can therefore colour the diamond yellow-green. 
Naturally coloured gem diamonds have become very fashionable in recent years, and 
thus are very expensive because of their rarity. Colourless diamonds are also very 
high in price, for the same reason. The price of a diamond as a function of colour 
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saturation looks like the curve in figure 1.1: a diamond with a rare colour is more 
valuable. Colour is one of the so-called four Cs determining the price of a diamond. 
The other three are Clarity, Cut and Carat (weight). The points where the price 
changes rapidly are taken arbitrarily as this figure only serves as an illustrative 
example. 
CL 
Figure 1.1. This figure illustrates the price of gem-diamond as a function of 
colour saturation. The price of the gem-diamond 'falls off rapidly with a higher 
degree of colour saturation. At a certain point, diamonds with a higher degree of 
colour saturation are more rare, which makes the diamond more valuable. 
It is clear that there is a very high potential profit increase when a diamond with a low 
and relatively cheap colour grade can be turned into a diamond with a colour grade 
where the price is at a maximum of figure 1.1, i. e. colourless (left maximum) or fancy 
colour (right maximum). The GE-POL process aims at making colours with low 
colour saturation (Smith et al. 2000) by High Pressure High Temperature (HPHT) 
annealing of relatively cheap brown type Ha diamonds. The high price of fancy 
coloured diamond has prompted many people to try to design treatments to change the 
colour of an unattractive (and relatively cheap) diamond into a rare, exclusive and 
thus high priced coloured diamond (Templesman 1999, De Weerdt and Van Royen 
2000). 
In recent years, the colour treatment business has become an industry. The cheap and 
easy dying treatment, where the culet or the girdle of a polished gem diamond is 
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colour saturation 
stained with a coloured dye, has become obsolete and more sophisticated treatments 
like irradiation, irradiation and heat treatment or HPHT annealing have become more 
fashionable, partly because of their more permanent character. High Pressure (P >7 
GPa) High Temperature (T > 2000'C) annealing mimics the temperature and pressure 
conditions deep in the earth and as a result the HPHT annealed diamonds are in some 
cases difficult to distinguish from untreated natural diamonds (Rappaport 1999, Smith 
et aL 2000). Gem laboratories need to keep up and be able to distinguish between 
naturally coloured and artificially coloured diamonds. Highly sophisticated techniques 
are used nowadays to detect these kinds of treatments. The results of these treatments 
are strongly dependent on the type of diamond, and the different types of diamond can 
be distinguished with the aid of infrared and UV-VIS spectroscopy. 
Understanding how defects are created and destroyed by various treatments or 
combinations of treatments is the main motivation of this thesis. 
The thesis is organised as follows: 
Before explaining how to distinguish between the different types of diamond, this first 
chapter will give an introduction about the different spectroscopic techniques, and the 
theoretical background of the concepts, which are used throughout the whole thesis. 
The last section of the chapter will give an overview of the available data on defect 
production by irradiation, irradiation and heat treatment and high-pressure high- 
temperature treatment respectively. 
Chapter Two will show a straightforward application of linear electron-phonon 
coupling theory which can be used to calculate the shape of a spectrum. The spectra 
under study are broad band emission and 490.7 nm emission spectra, only detected in 
type Ia brown diamonds. 
Chapter Three will discuss the sub-threshold excitation of defects in diamond, which 
is a non-straightforward application of electron-phonon coupling of a defect. 
Chapter Four will focus on the properties of absorption in the infrared region due to 
hydrogen and nitrogen in diamond. The investigation is done by isotopic substitution 
of carbon 12 by carbon 13. Defect vibrations are connected to the attempt-to-escape 
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frequency when the defect diffuses through the diamond lattice or dissociates into its 
components. This attempt-to-escape frequency can be illustrated by imagining two 
atoms, chemically bonded together. At temperatures above zero Kelvin, this molecule 
will vibrate and can dissociate at a certain temperature. This means the molecule can 
dissociate when energy is added. This dissociation can take place every time the two 
atoms move in opposite direction. For sake of simplicity, imagine the molecule can 
only vibrate with one single frequency v; then the chance to dissociate is equal to 
v. exp(-E/kB7). E is the energy required to break the bond, kB is the Boltzmann 
constant and T the temperature. 
Chapter Five will study some of the irradiation-induced defects in the infrared and 
UVNIS spectrum of diamond and the change in the absorption spectra after 
annealing. The capture of vacancies by nitrogen-related defects is studied in this 
chapter and is of importance for chapter six. Some of these defects created during the 
annealing of irradiated type Ia diamond, like the 594 nm, the Hlb and Hlc defects are 
not observed in HPHT annealed type Ia diamonds, while other defects like the H3, H4 
and the 637 mn defect are observed. The Hlb and HIc defects display sample 
dependent photo-induced changes of their absorption strength, which can be 
recovered by thermal annealing. This process is investigated, but the origin of this 
effect is, at present, unclear. 
Chapter Six will discuss the results of HPHT annealing on the dissociation of nitrogen 
aggregates, on hydrogen related defects and the formation of nitrogen (aggregate)- 
vacancy related defects during HPHT annealing. Some of the optical centres created 
by HPHT annealing of brown type Ia diamonds are the same as those produced in 
type Ia diamonds by radiation damage and annealing at typically 800 'C. The 
production of the former can be understood in terms of vacancies being released 
during HPHT annealing. The influence of these vacancies and of pressure on the 
activation energy and aggregation/dissociation kinetics of the defects will also be 
studied. 
Chapter Seven will draw the conclusions from the studies and will point to further 
work. 
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Appendix A will show the method to quantify colour of a diamond by measuring its 
spectrum. 
Appendix B will focus on an alternative path of H3 defect dissociation. 
Appendix C will show some photos of diamonds that have been artificially coloured 
by various methods described in this thesis. 
1.2. Linear electron-lDhonon counline theorv and Jahn-Teller distortion 
1.2.1. Linear electron-Dhonon couDlin 
An understanding of electron-phonon coupling theory is necessary as this thesis 
employs optical spectroscopy to characterise defects in diamond; the formation of the 
spectral lines and side bands in the spectra depends strongly on the electron-phonon 
coupling of the electrons of the defect. For example: linear electron-phonon coupling 
determines the broadening and intensity behaviour of the zero phonon lines (ZPL, 
absorption lines which do not involve phonons) with temperature, and quadratic 
electron-phonon coupling is responsible for the shift of the ZPL with temperature 
(Davies 1970, Davies 1974a, Davies 1981a). Also, it will enable us to differentiate 
between defects with zero phonon lines with almost the same position in the spectrum 
but with different electron-phonon coupling. 
The origin of the electron-phonon coupling can be understood from the following 
intuitive example: an impurity in the diamond lattice has a different electron 
distribution from that of the host lattice atoms, as it has a different number of 
electrons or different size. The absorption of light will promote an electron from the 
ground state orbital to a different orbital, thereby changing the electron distribution 
around the defect. The lattice will relax rapidly by creating phonons and as a result 
the absorption is a combination of electronic and vibrational, referred to as "vibronic" 
processes. As stated in the previous section, this results in the appearance of a side 
band in the absorption and luminescence spectra and these side bands are responsible 
for the colour in diamond due to point defects. This is a second motivation to study 
the electron-phonon coupling in diamond: electron-phonon coupling will determine 
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whether a defect is important in diamond treatments or not: defects with strong linear 
electron phonon coupling will colour the diamond with low concentrations, while 
defects with weak electron phonon coupling will require high concentrations to reach 
the same colouration effect. 
To illustrate the effects of linear electron-Phonon coupling, we assume the electronic 
states of the defect in the bandgap of diamond are well separated from the valence and 
conduction band and only non-degenerate states are present (the presence of 
degenerate states can lead to splitting of the states, thereby lifting the degeneracy. 
This is the Jahn-Teller effect and it is discussed in the next section). The number of 
optical transitions and the degeneracy of the transition for a given defect which is 
electric dipole allowed, is imposed by the symmetry of the defect. For a given point 
group, the electric dipole allowed transitions can be determined by the direct product 
of the irreducible representation of the symmetry group with the dipole irreducible 
representation. The dipole irreducible representations transform as x, y or z, and 
fortunately these are tabulated in character tables. If IFGS, I`dp, j.. and rEs represent the 
irreducible representation of the ground state, the electric dipole and the excited state 
of the defect respectively, then dipole-allowed optical transitions can be found when 
the direct product 
rGS 0 rdpole 0 rES (1.2.1) 
contains the totally symmetric irreducible representation. The same restriction holds 
for the symmetry of the phonon which can couple to the electrons of the defect: 
rGS 0 rdipole 0 rES 0 rphonon (1.2.2) 
here Fphonon, and r7-S are the irreducible representations of the phonon and the totally 
symmetric representation respectively. Clearly the totally symmetric phonon always 
couples to a defect. 
In a crystalline diamond, the defect is surrounded by N atoms, with N in the order of 
1.76 x 1020 carbon atoms per MM3' giving (3N-6) vibrational modes. For the sake of 
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simplicity we assume that there is only one mode coupled to the defect, and thus the 
electronic ground state of the electron of the defect is in the following vibrational 
potential: 
1 
MO)2Q2 Vg =2- (1.2.3), 
here m is the mass, co the angular frequency and Q the instantaneous displacement of 
the mode. If the electronic state is not coupled to the lattice, then the excited state 
will have an equal vibrational potential. However, if the defect has a linear coupling 
to the lattice, the potential has an additional term, linear in Q, say aQ: 
Mt 
)2 
V, =E+ t)2Q2 +aQ =- E+ Ma)2(Q+ (1.2.4). 2 2' m Co 
2 2m 0)2 
E is the energy difference between the electronic ground and excited state. One can 
clearly see the motivation for linear electron-phonon coupling: the energy of the 




However, the equilibrium point for the excited state has now shifted from Q=0 to 
QO =- (1.2.6) 
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Figure 1.2. Linear electron-phonon coupling shifts the equilibrium of the 
vibrational potential surface of the excited state with respect to the ground state, 
and lowers the energy of the excited state. 






A full account of linear electron-phonon coupling is given in Davies (1981a). This 
will not be replicated here, but the main results, necessary to calculate and understand 
the temperature behaviour of the absorption/emission sidebands are summarized 
below. 
The relative intensity I, of the n th phonon replica with respect to the ZPL transition 





So the Huang-Rhys factor determines the relative intensity of the transition in the 
side-band (figure 1.3). As a consequence the maximum of the side band will shift to 
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Figure 1.3. The transition probability of the one to six phonon replica of the Zero 
Phonon Line as a function of the Huang-Rhys factor. A defect with a low Huang- 
Rhys factor will have no high order side band, while a defect with a high Huang- 
Rhys factor will have a stron- side band and the maximurn of the transition 
probability will shift away from the ZPL. 
E (eV)) E (eV))k 
S low S hioh 
Figure 1.4. The configuration coordination diagram of defects with different 
Huang-Rhys factor. 
The Zero Phonon Line transition includes all transitions from (ground state to excited 
state with the same vibrational quantum number (see figure 1.5): In 
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Figure 1.5. The configuration coordination diagram of ZPL transitions. 
Transitions from the electronic ground state to excited states with different vibrational 
quantum numbers can also occur and as a consequence, a vibronic side band occurs. 
The excited electrons rapidly decay to the lowest excited state (with vibrational 
quantum number zero) and then de-excite to the electronic ground state or a vibronic 
level above the ground state. The de-excitation to the vibronic state with the lowest 
vibrational quantum number is the most probable and this is known as Kasha's Rule, 
proposed by professor Kasha (1950), which states that emission of a photon in the de- 
excitation process always occurs from the excited state with the lowest vibronic 
quantum number (figure 1.6). As a consequence, the absorption side band should be 
the mirror image of the emission side band with respect to the zero phonon line. 
When the one-phonon density of states II(v) is known, the second and higher order 
phonon density of states can then be calculated. The nth phonon density of states is 
calculated by convolution of the one-phonon density of states with the (n-lp phonon 
density of states: 
W. 





where v is the frequency of the zero phonon line, x is the frequency of the phonon and 
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Figure 1.6. The absorption of light promotes an electron from the ground state to 
the excited state. The electron rapidly thermalizes to the excited state with lowest 
vibronic quantum number and de-excites back to its ground state or a vibronic 
level above the ground state. If the de-excitation is radiative, a photon is emitted 
and fluorescence is generated in the defect. A typical example of absorption and 
emission spectra is illustrated here for the H3 defect. There is no mirror symmetry 
between the emission and absorption spectra because of the presence of a second 
state close to the excited state. 
In practice, a one-phonon density of states is constructed from an experimental 
spectrum. 
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A number of methods have been employed to calculate the side band due to electron- 
phonon coupling, some of them founded on fundamental theoretical considerations 
(Sangster 1972), others by semi-empirical means (Mostoller et aL 1971). We have 
adopted the procedure described by Davies (1981 a). 
The absorption or emission spectrum is first multiplied by the square or cube of the 
phonon frequency, respectively, to give the transition probability for absorption and 
emission of photons. The zero phonon line is fitted by a Lorentzian line and 
subtracted from the spectrum. In the spectrum, a baseline is drawn between the base 
of the ZPL and the cut-off frequency of diamond vibrations (165 meV from the ZPL) 
(Angress and Hall 1979). This spectrum is used as a trial one-phonon density of 
states. 
Each higher order phonon density of states is then calculated from equation 1.2.9 and 
normalized in intensity according to equation 1.2.8. The difference between the 
experimental and calculated spectrum is then used to correct the one-phonon density 
of states. The whole procedure is then reiterated until a sufficient fit of the calculated 
spectrum to the experimental spectrum is reached. It should be noted that I, is a 
transition probability and must be multiplied by the phonon frequency v to calculate 
an absorption spectrum and by v3 to give a luminescence spectrum. This procedure is 
tested against known results from Davies (1981 a) (figure 1.7). 
The linear electron-Phonon coupling has important consequences for the temperature 
behaviour of the zero phonon line: the ZPL will display a temperature dependent 
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Here 10 is the transition probability of the zero phonon line, S the Huang-Rhys factor, 
N the number of phonons interacting with the defect, Ej the energy of the phonon, kB 
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Figure 1.7. The one and two-phonon density of states of the N3 defect as 
calculated by the procedure described in the text above (left) and of Davies 
(198 1 a) (right). The zero phonon line has been removed in the figure on the left. 
Finally, quadratic electron-phonon coupling has consequences on the ZPL: both the 
width W and position P of the ZPL are affected by the quadratic electron-phonon 
coupling (Mostoller et al. 197 1, Davies 198 1 a). 
W(T) oc 
ýjj (0))]2 
n(ct)ln(co) + I]dct) 
0 
and the position P of the ZPL shifts with temperature as: 
P(T) oc I, (co)n(co)dto 
with II(co) the one phonon density of states and n(co) the Bose population term 
n(co) = [exp(h co / kBT)- 1]-' (1.2.13) 
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1.2.2. Jahn-Teller effects 
The Jahn-Teller effect is a consequence of linear electron-phonon coupling. A defect 
with degenerate states will distort and thereby split the energy levels. As a 
consequence the total energy of the defect will be lower if the electrons occupy the 
lowest level. Examples of Jahn-Teller distortion detected by EPR and optical 
techniques are known in diamond and other semi-conductors (Ham 1965, Agullo- 
Lopez 1988, Nagai 2003). 
The distortion can be understood by considering the linear and quadratic terms of the 
electron-phonon coupling vibronic potential. 
V= aQ + bQ2 
The energy levels depend on Q as in figure 1.8 below. 
Figure 1.8. A schematic plot of the Jahn-Teller splitting due to linear coupling C> 0 
( --- ), quadratic coupling (-) and to linear and quadratic coupling combined (-). 
A minimum occurs around coordinate Q0, with an associated energy EjT, the Jahn- 
Teller stabilization energy. 
In a crystal there will be several equivalent minima as the crystal lattice is periodic in 
space. If the vibrational energy h(o is comparable to the Jahn-Teller splitting, the 
different states cannot be clearly identified. This can be detected for the single 
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substitutional nitrogen (or PI defect) by EPR (Loubser and van Wyk 1978, Davies 
198 1 a, Ammerlaan and Burgemeister 198 1). 
One has to distinguish two types of Jahn-Teller effects: 
- The static Jahn-Teller or configurational Jahn-Teller effect where the defect 
changes from a higher symmetry to a lower symmetry configuration (Opik and 
Pryce 1957). For example the single substitutional nitrogen defect changes from 
Td symmetry to C3v in diamond by elongation of one of the carbon-nitrogen bonds 
(Loubser and van Wyk 1978, Davies 1981 a). As a result there are four equivalent 
configurations, and reorientation between these equivalent configurations requires 
an activation energy of 0.7 eV (Loubser and van Ryneveld 1967, Ammerlaan and 
Burgemeister 1981, Breuer and Briddon 1996). 
- The dynamic Jahn-Teller or electronic Jahn-Teller effect where a high symmetry 
degenerate ground state of a defect will split into lower symmetry states (Longuet- 
Higgens et al. 1958) where the lowest state will be the lowest in energy, but the 
total energy difference between the degenerate and split states will be equal. An 
example is the vacancy in diamond (Lowther 1978, Davies and Foy 1980, Davies 
1981b) 
Both Jahn-Teller effects lead to a breakdown of the mirror symmetry of absorption 
and luminescence spectra in diamond (see figure 1.6). 
1.2.3. Vibronic coupling at nearly degenerate states 
A study of the effects of vibronic coupling between two excited states with small 
energy separation is given by Davies (1981a). No reproduction of this publication is 
made here, but a short recapitulation of the essentials will be given below. 
Suppose we have two non-degenerate states (p,, and (Pb, separated by an energy 
difference W. The two states can couple through a vibrational mode with coordinate 
This gives a deformation AVof the potential surface with 
AV = OQ (1.2.15) 
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Where 6 is an operator such that the coupling C between the states is non-zero: 
f dr p, *, 
05 (Pb W : ý4- 0 (1.2.16) 
The coupling of the two states by a totally symmetric mode (A, mode) will cause a 
quenching of the vibronic coupling itself. 
E (eV) 
(P 
w (Pa jLw 
Q 10. 
(pg 
Figure 1.9. The configuration coordination diagram in the presence of two non- 
degenerate excited states. 
Suppose now that we have a third state (og and transitions are allowed from the ground 
state (pg to (p,,, but the transition to Vb is not allowed. The coupling to non-totally 
symmetric modes will mix the states (p,, and 9b by a phonon X(Q), and this makes 
transitions possible from the state (pg to the state qb X(Q) but the transition to qb is Still 
forbidden. However, a static distortion will mix states (g, and Vb and transitions from 
the ground state to (pb are possible. This kind of static distortion can be induced by 
uniaxial stress (Davies 1976). 
Examples of defects with nearly degenerate states in diamond are the H3 and the N3 
defects. 
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In the H3 defect, the presence of an extra state at 16 meV above the first excited state 
induces a breakdown of mirror symmetry between the absorption and emission 
spectrum and uniaxial stress induces an extra zero phonon line in absorption (Davies 
1981 a, Davies et aL 1976). The optically active state induced by vibronic mixing of 
the two levels is - 150 meV above the zero phonon line. The energy level scheme is 




Figure 1.10. The energy level scheme of the H3 defect. A forbidden transition 16 
meV above the excited state (dashed arrow) is vibronically mixed with the 
optically allowed transition (solid arrow), giving rise to an additional contribution 
in the absorption spectrum. 
In the N3 defect, optical transitions between the Al and the E state of the defect will 
give the N3 ZPL at 2.986 eV (415 rim). A lower A2 state (-147 meV below the E 
state) will be vibronically mixed with the lower branch of the Jahn-Teller distorted E 
state. This induces the "Zero-Phonon less" N2 side band starting at 2.840 eV as the 
ZPL with notational energy of 2.840 eV is still a forbidden optical transition (figure 
1.11). 
Figure 1.11 is based on Davies (198 1 a). However, there is now some doubt about this; 
our own work (De Weerdt, unpublished), and measurements by Collins (personal 
communication) show that diamonds which have N3 created by HPHT annealing do 
not show N2 proportional to N3. Iakoubovskii (personal communication) finds this is 





Figure 1.11. The energy level scheme of the N3 defect. A forbidden transition 
146 meV below the excited state (dashed arrow) is vibronically mixed with the 
optically allowed transition (solid arrow), giving rise to an additional contribution 
in the absorption spectrum. 
It is the N2 side band which is responsible for the pale yellow "Cape" colour of type 
Ia diamonds. 
1.3. Diffusion in diamond 
1.3.1. Introduction 
Diffusion of impurities in solids gives rise to a change of the properties of the solid: 
for example nitriding of metal to increase the hardness or nitrogen diffusion and 
aggregation in diamond to change its colour. The impurity atoms will diffuse in the 
solid according to Fick's first law: 
Jc = -D. grad (C) (1.3.1) 
The diffusion of a specie C is proportional to the negative of the concentration 
gradient of the specie C. The proportionality coefficient is the diffusivity D. In three 
dimensions, J is a vector and Da second rank tensor, and the first law of Fick is: 
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The diffusion flux JC1 is the number of specie C crossing a unit area (Kizilyalli 1999) 
indirection i (figure 1.12). 
Figure 1.12. Diffusion of specie C through a unit area. The numbers Ncj and Nc-i 
are the fluxes of particles in directions i and -L The net flux Jc is Ncj - Nc-j and is 
dependent on the concentration gradient, grad(C). 
The coefficients Dy with ij = x, y or z, are the diffusion coefficients of particles 
diffusing in directionj, through the plane perpendicular to i. 
For crystalline solids, the coefficients depend on the unit cell symmetry as differences 
in bond strength and bond direction will influence the diffusivity tensor. The 
diffusivity tensor is then: 
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For cubic crystals like diamond silicon, copper, ... only diagonal elements of the 






The diffusion coefficient is a scalar, and this makes diffusion analysis of impurities in 
diamond relatively easy as there is no anisotropy induced by the crystal lattice. This 
is not always the case. Orthorhombic crystals exhibit different bond lengths, the bond 
strengths along the three crystallographic axes are different for each direction, and the 
tensor becomes: 
D,, 00 
0 Dyy 0 
00D,, 
(1.3.5) 
In other crystallographic systems, non-zero off-diagonal elements appear in the 
tensor. 
In section 1.8, a review of published data of diffusion of vacancies and interstitials in 
diamond during and after irradiation by thermal annealing is given, and one can see 
that this relatively simple description of diffusion in solid state materials is 
inadequate; the real situation is more complicated than described in the simplified 
picture above. 
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1.3.2. ThermodyLiamics of diffusion 
1.3.2.1. Equilibrium concentrations ofdefects 
Thermodynamics can provide a useful theoretical framework to analyse diffusion of 
point defects in materials and to gain some insight in the physics of the system. 
Thermodynamic potentials of any system are the internal energy U, the entropy S, the 
free Helmholtz energy F, the enthalpy H and the free Gibbs energy G. These are all 
interconnected and can be calculated from the partition function Z of the system. 




The index i is applied to every energy level Ej in the system with degeneracy gi. kB is 
the Boltzman constant. All thennodynamic potentials depend the partition function Z. 
Of special importance are the thermodynamical functions F and G and these are 
related to the partition function: 
F= -kBT In (Z) 
G=F+pV 
U= F+ TS (1.3.10) 
p is the is the pressure, and V the volume of the system. 
In the case of a perfect cubic crystal with N atoms, the partition function is dependent 
on the energy of the vibrational states with quantum numbers nj ... n3jv with 3N the 




E, =(D+E(n, --yl)hv, nl. -. v2 (1.3.11) 
here (D is the cohesive energy of the crystal lattice and vi the frequency of the 
vibrational eigerunode i. Substitution of equation 1.3.11 in 1.3.6 gives: 
Z= exp 
(_ ID ) f, exp (-hv, / kT) 
kT i=l 1- exp 
(-hv, / kT) 
(1.3.12) 
The thermodynamic potential G is then calculated by substituting equation 1.3.12 into 
1.3.8 and 1.3.9: 
G= (D +j 
fýt-i 
+ kT In [I - exp (-hv, / kT)] (1.3.13) 
i=n, L21 
The Gibbs energy depends on the ground state energy, the zero point motion of the 
eigenmodes, and the excitation energy of these modes weighted by the Boltzmann 
factor and the temperature. 
In the case where n point defects are present in a crystal with N atoms, the partition 
function changes and can be written as: 
Z=Z, Z, (1.3.14) 
where Z. is the configurational factor associated with the geometrical degeneracy that 
can be adopted for defects and can be found by combination theory, if the symmetry 
of the defect and the type of lattice is known). Z, is the vibrational factor associated 
with the vibrational levels in the defective crystal. 
The Gibbs free energy in this case is a sum of Go + G,; + G, Here Go is the Gibbs 
free energy of the defect-free system (a constant at constant temperature), G,: is the 
Gibbs free energy associated with the configurational degeneracy, and G, is the Gibbs 
free energy associated with ground state vibrational levels of the defect. 
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For a low concentration of defects (c = WN <<l) in a monatomic crystal, with 
modification of the vibrational frequencies over p neighbouring atom sites, cd the 
energy required to remove the defect from the crystal, one can show that the Gibbs 
free energy is (Agullo-Lopez et aL 1988): 
G=GO+N c ed -kBT In 
vI )p 
+ kBTc In 
c 
1(v (a)] 
with a the combinatorial factor. 
1.3.2.2. The relation between equilibrium concentrations and Gibbsfree energy. 
If the concentration of a set of defects changes, the Gibbs energy also changes. If one 
has the equilibrium reaction: 
alA, + a2A2 +-), al'Al'+ a2'A2' (1.3.16) 
ai stands for the stoichiometric factor of a specie (like for the reaction for water: 
2H+O --+ H20) and Ai is the respective specie. 
The reaction rate and the direction in which the reaction proceeds are determined by 
the difference in sums of the Gibbs free energies of the products and the reactants. 
From thermodynamics we know that, at low pressure (p V << 1), the Gibbs free energy 
G is the internal energy U minus the product of the temperature and the entropy, TS. 
G= U- TS 
In a reaction at a fixed temperature, the change in Gibbs free energy is 
AG = AU- TAS (1.3.18) 
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If the difference in Gibbs free energy is negative, then the reaction is product 
favoured and will proceed to the right side of equation 1.3.16. If the difference in 
Gibbs free energy is positive, then the reaction is reactant favoured and the reaction 
will proceed to the left hand side of equation 1.3.16. 
Table 1.1 summarizes the possibilities: 
AU AS Product favour 
- (exothermic) + Yes 
- (exothermic) - Yes when AG <0 
No when AG >0 
" (endothermic) + Yes when AG <0 
No when AG >0 
" (endothermic) - No 
Table 1.1. The different types of reactions and their influence on the Gibbs free 
energy. 
Or alternatively, 4 is a measure of the extent of the reaction when the concentration of 
reactant B at time I during the reaction is [B] = [Bj] - b4, with b the reaction rate and 
[Bj] the initial concentration of reactant B. During the reaction, the Gibbs free energy 
changes continuously until the change is zero. 
We can say that the Gibbs free energy is the energy available (or which needs to be 
added) to make the reaction work. The Gibbs free energy changes during the 
reaction, and will depend on the concentration of reactants and products; the change 
in Gibbs free energy AG will become zero at thermodynamic equilibrium. 
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Figure 1.13. The Gibbs free energy change as a function of the extent of the 
reaction 4. 
The equilibrium concentration of each of the species can be calculated by setting the 
change of G (the sum of the Gibbs energies of each impurity) induced by the 
concentration change to zero: 
ac 
or by substituting equation 1.3.15 in equation 1.3.19 and with 
ed-kBT In V 
)p (v 
co = exp 
g (1.3.20) 
kBT 
Equilibrium concentrations during reactions among point defects, as described by 







ll(c,, )"' 11(a, ) aj 
)a, 
L exp - 
g. (1.3.22) 
cj kBT 
with ci and cj' the concentrations, ai and aj' the combinatorial factors of species Ai and 
Aj' respectively, at thermodynamic equilibrium. 
g, is the Gibbs free energy, calculated from: 9r=Eg, 'aj'-Z g, a, where gj' and gi 
Ii 
are the Gibbs free energy functions of each specie. 
Equation 1.3.22 is known as the law of mass action (Agullo-Lopez et al. 1988, 
Greiner et aL 1995). 
Equation 1.3.22 can for example be used to calculate the C defect concentration 
generated during HPHT annealing. When an A defect splits up into two C defects, 
equation 1.3.16 can be rewritten as: 
A *-+ 2C (1.3.23) 
Equation (1.3.22) is then: 
[C]' /[A] = cte. exp - 
g. (1.3.24) 
kBT 
With [C] and [A] the C and A defect concentration after the HPHT annealing (see also 
Allen and Evans 1981). The constant cle is called the vibrational pre-constant as it is 
the attempt frequency for the reaction to scale the energy barrier g, One can interpret 
the reaction in a different way: a vibrating diatomic molecule can dissociate with a 
frequency equal to the vibrational frequency. The probability of dissociation is 
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proportional to the exponential of the activation energy g,. divided by the product of 
the temperature T and Boltzmann's constant. 
1.3.2.3. Influence ofpressure 
There are indications that pressure can affect the activation energy of defect 
migration: for example in silicon, vacancy-oxygen defects disappear faster when 
annealed under hydrostatic pressure (Londos el al. 2003, Bdjina et al. 2003). In 
diamond platelet destruction, and the disappearance of the associated peaks in the 
infrared spectrum and the X-ray spikes, take place most readily when the diamonds 
are subjected to annealing conditions in the graphite stable region of the carbon phase 
diagram (Evans et al. 1995). Also the nitrogen aggregation rate of irradiated type Ib 
diamond is lowered when pressure is increased (Kiflawi et al. 1997). 
Pressure can be brought into equation (1.3.24) by (Bejina et al. 2003): 
9 ««"2 (fC +P VC) - (fA +P VA) (1.3.25) 
withfA and fc the Helmholtz free energy of the A and C defect respectively, and VA 
and VC the total volume change due to the presence of A and C defects respectively. 
For g, we have: 
fc -fA + p(Vc - VA) or g,. = E,, + p(VC - VA), where E,, is the activation energy. 
If the volume of the A defect is exactly twice the volume of the C defect, then there 
would be no influence of pressure during the reaction. If there is a volume difference, 
there can be an influence of the pressure. As a result, dissociation and formation of 
vacancy-defect complexes might have a strong influence of pressure during high 
temperature annealing due to the volume change involved. 
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Three different situations are possible: 
- If the volume of the C centre is larger than the volume of one nitrogen atom of the 
A centre, then the term p(Vc - V4) is larger than zero, and the activation energy 
increases with increasing pressure (or decreases with decreasing pressure). 
- If the volume of the C centre is smaller than the volume of one nitrogen atom of 
the A centre, then the term p(Vc - VA) is smaller than zero, and the activation 
energy decreases with increasing pressure (or decreases with increasing pressure). 
- There is no volume difference between two C defects and the A defect, and the 
reaction is pressure independent. 
Experimental determination of the dilatation due to nitrogen centres in diamond has 
been done by Lang and co-workers, (Lang et al. 1991 and Lang and Pang 1998). They 
found that aC defect causes a dilatation of 1.35 ± 0.10 times a carbon atom. An A 
defect causes a dilatation of 1.11 times a pair of the carbon atoms. In worst case the 
dilatation of a nitrogen atom in the A defect causes a dilatation between 1.05 and 1.22 
(Lang and Pang 1998). The total volume difference between 2 nitrogen atoms in an A 
defect and two separate C defects is therefore between 0.03 and 0.4 times two carbon 
atoms. 
The pressure component of equation 1.3.25 can also be written as 
P(Vc - VA) =P. m. Vc,, b,,. [C] - n. 
VCarbon. [Al) =P. VCarbon(M. [C] - n. [A]) 
Here m and n are the dilatation coefficients of the C and A defects respectively. 
The magnitude of the coefficient in the pressure dependent component is small: the 
total volume dilatation is a fraction of the bond length (1.5 A or 0.15 nm) times the 
number of nitrogen atoms replacing the carbon atom. When the crystal is 
approximated as a hard sphere lattice, the volume of one carbon atom in the lattice is 
1.934 x 10-30 M3) .A pressure of the order of 10000 
bar or I GPa is an energy density 
of 6.242 x 1027 eV/m 3. 
For 1 GPa, the energy change is equal to the fraction of the volume of a carbon atom 
Vc,,,. h,,, (m. [C] - n. [A]), or smaller than VCarhon-P= 1.934 10-30 M3 x 6.242 1027 eV/M3 = 
0.012 eV for a pressure change of 1 GPa. The Gibbs energy change, however, 
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depends on the volume change of the total system and not on the volume change of a 
defect and is therefore very small as the volume changes only a fraction of the total 
volume. 
1.3.3. Other factors influencing the diffusion 
The diffusion rate in solids can be increased or impaired by other defects. Vacancy 
diffusion can be impaired by the presence of hydrogen (Newton 2005), nitrogen 
diffusion can be increased by interstitials (Kiflawi et aL 1997 and 1998, Agullo-Lopez 
1988) and vacancies (Collins 1978b, Collins 1980, Agullo-Lopez 1988). The 
presence of electron donors can charge a defect and thereby reduce its mobility 
(Davies et aL 1992). 
In similar covalent crystals, like group IV semiconductors, hydrogen is known to 
increase the oxygen diffusion rate (Newman 1995). Newman (1995) also discussed 
the formation of H2* in silicon, now known as hydrogen dimers, which require the 
presence of a vacancy. H2* can form in electron irradiated silicon when a vacancy 
diffuses to a site nearby a H2 molecule, already present in the as-grown silicon. The 
hydrogen molecule is trapped at the vacancy and when a diffusing interstitial is 
trapped at this site, a hydrogen dimer is created. 
/lD 0- jQ 
a. 








Figure 1.14. The model proposed by Newman (1995) for the formation of H2* in 
electron irradiated and quenched silicon. A vacancy diffuses to a site nearby the 
H2 molecule (a), the H2 is trapped by a vacancy (b). When the H2V traps a mobile 
interstitial (c) the H2* defect is created. 
A hydrogen dimer consists of a hydrogen atom at a bond centred position and a 
hydrogen atom in the anti-bonding position. In silicon, hydrogen dimers are thought 
to play a crucial role in hydrogen diffusion as their activation barrier for diffusion is 
much lower than that for molecular hydrogen (Chang and Chadi 1989). 
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1.3.4. Dislocation diffusion 
A short discussion of dislocations and dislocation diffusion will be given here. Only 
concepts and properties of dislocations which are important in further chapters will be 
given and it will by no means be a full treatise of the properties of dislocations. 
Diffusing intrinsic and extrinsic defects in a solid-state material will influence each 
other. An example known from metallurgy is the following: high concentrations of 
non-equilibrium dislocations can be introduced in materials by cold working (rolling, 
extrusion, ... ) or irradiation, and recovery of the crystal structure can occur during 
subsequent annealing. This may partially restore the crystal structure, thereby 
changing its properties (strength, hardness, ... ). 
a. Dislocation tangles 
b. Cell formation 
c. Annihilation of 
dislocations within the 
cells 
% 
d. Subgrain formation 
Figure 1.15. A schematic drawing of the various microstates of dislocations in 
deformed materials upon recovery. The deformation introduces dislocations in the 
material, which cluster and form cells. These cell boundaries may in time lead to 
sub-grain formation. If all subgrains have different crystalline orientation, a 
polycrystalline material will be created upon recrystallisation. If all subgrains 
have identical crystalline orientation, a single crystal will form after 
recrystallisation. 
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During deformation of crystalline materials, point defects and dislocations will be 
introduced in the crystal, and upon annealing the material will go through a series of 
microstates, schematically shown in figure 1.15 (Humphreys and Hatherly 1996, Nes 
1995). Stress in materials could have an influence on the size and distribution of 
dislocation networks (Nes 1995). 
The driving force behind recovery is the lowering of the internal energy stored into 
the dislocations (Mott 1951). The dislocation network formation is observed in a 
large number of materials (Rudolph 2005). The formation of cells and annihilation of 
dislocations within cells will recover and eventually recrystallize the material. 
Before venturing into the mechanisms of dislocation diffusion, we must take a close 
look at dislocations and at the description of the various types of dislocations. 
A dislocation itself is characterised by a Burgers vector b: this is the result of lattice 
mismatch between the part of the crystal with and without the dislocation. Any 
closed loop embracing the dislocation will result in the Burgers vector b (see figure 
1.16). 
Figure 1.16. An end-on view of an edge dislocation. The Burgers vector is in this 
case perpendicular (in the plane of the paper) to the dislocation line (perpendicular 
to the paper). 
Mathematically, the Burgers vector can be calculated by a loop integral: 
b=q, 5u (1.3.26) 
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with 6u the displacement vector moving along the closed loop embracing the 
dislocation. If b is parallel to the dislocation line direction, then the dislocation is a 
screw dislocation, and if b is perpendicular to the dislocation line direction, then the 
dislocation is an edge dislocation. Most dislocations are mixed (screw and edge type) 
dislocations. The Burgers vector itself is noted as a partial of the lattice parameter, 
and a direction. For example a dislocation with a Burgers vector of a'12 (111) means a 
displacement of the lattice in the (I 11) direction by half the lattice parameter a. 
Dislocations can move in the crystal by two different methods: climb and glide. 
Movement along the Burgers vector is glide and perpendicular to the Burgers vector 
is climb. 
Glide requires relatively low energy and can often be observed during plastic 
deformation of materials. 
Climb of a dislocation is a non conservative motion: vacancies will need to be created 
or interstitials emitted during dislocation climb (figure 1.17), which requires more 
energy than the glide diffusion (Mott 1951). Dislocation climb can thus be an 





Figure 1.17. Dislocation climb by absorption of a vacancy. 
During hot working or deformation of semiconductors, vacancies created during 
climb motion of dislocations can accumulate into vacancy aggregates (Leipner 2000, 
Mott 1951). 
Steps in the dislocation plane are tenned kinks (absorption of vacancies by an edge 
dislocation induces a kink in the dislocation line) and glide along with the supporting 
dislocation, while jogs are steps out of the plane of the dislocation. In contrast to 
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kinks, vacancies have to be created or taken away in order to drag jogs during 
dislocation glide. 
Impurities have a profound influence on dislocation diffusion: 
- Formation and absorption of vacancies play an essential role in the movement of 
dislocations. 
- Point defects will influence the motion of dislocations (solute drag effect). 
- Precipitates may pin dislocations (Zener pinning). 
Figure 1.18. Dislocation networks with large diameter (a) and very small diameter 
(b) on a type Ila diamond surface. These structures are never seen in type I 
diamond. The diameter of the samples is 2.5 mm. 
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The main influence of solute drag effect on dislocation movement (Deo 2005) is 
pinning of the dislocation. For type Ia diamond solute drag prevents dislocation cell 
formation. This will not be the case in relatively pure type Ila diamond as the 
impurity content cell formation will be present. The cell formation in type Ila 
diamond is visible in cathodoluminescence (Kanda et aL 2005) or photoluminescence 
topography figures (figure 1.1 8a and 1.1 8b). Similar dislocation networks have been 
observed by Evans and Phaal (1962) on (I 11) surfaces of type Ila diamond. 
Some of the polarised cathodoluminescence of type Ila diamond is thought to 
originate from dislocations or dislocation networks, and in type Ia diamond H3 is 
often found located close to the dislocations and slip bands (Hanley et aL 1977). It is 
also found that band A luminescence is weak where luminescence from dislocations is 
strong (Walker 1979). 
According to Hirth and Lothe (1982), the activation energy for thermally activated 
dislocation motion is the sum of kink formation and kink migration energy. Atomic 
impurities might also decrease this activation energy: in silicon there is evidence that 
hydrogen can reduce the activation energy from 2.2 to 1.2 eV (Yamashita et aL 1999). 
Theoretical calculations by Heggie et aL (2000) indicate that the activation energy for 
dislocation motion in diamond might change from 3.3 eV (Sitch et aL 1997) to 1.67 
eV when hydrogen is supplied to the dislocation. The mechanism of adding a 
hydrogen atom to the dislocation is not understood for silicon and not discussed in 
Heggie et aL (2000) for diamond. 
Zener pinning will hinder the motion of the dislocation and the Zener pinning force is 
dependent on the precipitate volume and size (Porter and Easterling 1992). Also, the 
shape of precipitates (sphere, disc and needle-like) will all have a different influence 
in restricting the cell formation or sub-grain growth. Because of their size and shape, 
platelets and voidites should have a serious influence on the dislocation migration. 
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1.4. Synthetic diamond growth 
1.4.1. Growth of synthetic diamond by HPHT 
The production of synthetic diamond by High Pressure High Temperature (HPHT) :n Z) 
has become a large-scale industry. The main product is synthetic diamond powder or Z= 
grit for abrasive applications. In this process small diamond crystals are produced by 
spontaneous crystallisation in the HPHT cell. Larger sized diamonds can be made by ZD 
growing diamond on a diamond seed (figure 1.19). A carbon source is placed at the 
top of the HPHT cell and carbon is transported through a solvent catalyst to the :M 
diamond seed. The diffusion of carbon from the source to the diamond seed is 
promoted by a temperature gradient in the HPHT cell. The carbon then precipitates 
on a small diamond seed, located at the bottom of the HPHT cell (figure 1.19). This 
results in single crystal orowth of the diamond on the small seed crystal and, 
depending on the applied temperature and pressure, the diamond will display a 
different degree of' octahedral and cubic growth sectors (Field 1992). A higher r, 1: 1 
growth temperature will cause the diamond to grow with more octahedral shape, C, 
while a lower growth temperature will result in cubo-octahedral and cubic growth. In 
the grit and single crystal HPHT growth process, diamond is synthesised by C, C, Zn 
dissolution of carbon from a carbon source, mainly graphite, in molten metals like 
iron, nickel and cobalt or alloys thereof. 
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Figure 1.19. A drawing of the inside of a BELT type HPHT press (Sumiya et al. 
2005). The steel belt, surrounding the carbide die is not visible in this figure. The 
arrows in the figure of Sumiya are in the wrong places: Ti is the nitrogen getter 
and Cu is the TiC formation inhibitor. 
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The synthesis of diamond by HPHT was pioneered by ASEA (Sweden) (Liander 
1953), General Electric (US) (Bundy 1955) and De Beers (South Africa) (Bums and 
Davies 1992). The systems used by these companies are so-called belt presses, after 
the steel belt with a carbide die, holding the cylindrical HPHT cell (figure 1.19). 
Nowadays, 11jin in South Korea and Chinese companies have become the largest 
producers of synthetic diamond powders and these companies typically employ 
smaller prismatic presses. 
The HPHT press which one uses to synthesize diamond can also be used for HPHT 
annealing. 
1.4.2. Synthesis of diamond with iron nitride under HPHT conditions 
HPHT presses are used by geologists and material scientists to study the growth of 
diamond and other high-pressure minerals (Pal'yanov et aL 1997, Kanda 1994). In 
these studies, the compounds used to dissolve the carbon in the HPHT cell are 
modified, in some cases to mimic the growth of diamond in the Earth, and in other 
cases to study the growth of diamond crystals in different chemical environments. 
One of the materials used by Pal'yanov's research group is iron nitride, which is made 
from high purity iron powder in an oven under a flow of ammonia. The diamonds 
made by this synthesis method are rich in hydrogen, resulting in a strong absorption 
peak at 3107 cm" which is thought to be hydrogen related. In chapter four, the 
analysis of this peak in isotopically 13C/12C mixed diamonds is studied. The model 
proposed by Woods and Collins (1983) is confirmed. 
1.4.3. HPHT Dress used for HPHT treatment 
The diamonds used in the study of defect dissociation and diffusion (to be described 
in chapters 5 and 6) were HPHT annealed at Sundance Inc. (Orem, Utah, USA) in a 
cubic type press (figure 1.20). 
The HPHT apparatus is capable of generating pressures of 60-90 kilobars and 
temperatures in excess of 2500'C. The cubic press design utilizes six sintered carbide 
anvils mounted on hydraulically driven pistons oriented in such a way as to apply 
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equal pressure to the six sides of a cube. The diamond is placed inside a pressure 
transmitting medium which is then surrounded by a graphite tube that is used as a 
resistive heating element. This assembly is placed inside a cube-shaped block of 
pressure transmitting medium that is contacted on all sides by the press anvils. 
Pressure and temperature are computer controlled. Temperature accuracy is estimated 
to be -50'C. 
Figure 1.20. The ill'ill' cLibic pi-ess at Sundance Inc 
(http: //www. ussynthetic. com/rd/hpht. php). 
1.4.4. Pressure and temperature measurements in HPHT presses 
At this point it is appropriate to have a review of temperature and pressure 
measurements in HPHT presses. 
1.4.4.1. Temperature measurements 
Temperature is measured with a thermocouple. The thermocouple itself is a major 
heat leak, so the temperature inside the HPHT cell is probably different from the 
indication of thermocouple reading. The electromotive force (EMF) of 
thermocouples also changes with pressure, and this change can be considerable for 
certain thermocouples (Bundy 1961). Some can have a positive and some have a 
negative change in EMF with pressure. Evans and Qi (1982) redesigned their HPHT 
device and used a tungsten-iridium thermocouple for which the output was pressure 
corrected. 
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1.4.4.2. Pressure measurements 
In most systems pressure is calibrated by measuring the electrical resistivity change 
due to phase transformations of certain materials, like TI, Bi or Ba as they get 
pressurized (Decker 1972). This is called the fixed-point method. However, Jeffery 
et aL (1966) indicated that there is considerable divergence between the pressure at 
which transformations should take place, depending on the measurement method. 
Jeffery et aL also showed that there is considerable hysteresis in these phase 
transformations: they occur at different pressures in the pressurization and the 
depressurization of the system. Jeffrey et al. estimate that pressure calibration with 
the fixed point method over 40 kbar is unreliable and a more accurate method like 
measuring the lattice parameter of NaCl or other powders by diffraction should be 
used (Jeffery et aL 1966, Gierlotka et aL 1999, Paszkowicz et aL 2000). 
Unfortunately this is not always possible. 
Most systems are pressure calibrated by the fixed-point method and temperature 
calibrated by measuring the known melting point of certain materials. However, the 
thermocouples are not corrected for change in EMF and temperature is calibrated at 
room pressure and pressure is calibrated at room temperature. This may give 
substantial systematic errors on the measured temperature and pressure. 
1.5. Spectroscopic techniques 
1.5.1. UV-VIS snectroscopy 
In UV-VIS spectroscopy one records a spectrum by measuring the wavelength 
dependent absorption in the visible and ultraviolet regions of the electromagnetic 
spectrum. A spectrometer always consists of a stabilized light source, a dispersive 
element and a detector. The system is computer controlled and the computer is also 
used as a recorder and to calculate the spectrum from the raw data. There are 
different systems on the market and the main systems will be discussed below. 
Most of these systems can also be used as photoluminescence or Raman 
spectrometers. Photoluminescence refers to the process where an electron of a defect 
is excited by light from a high intensity light source (e. g. a laser) and the 
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luminescence because of radiative decay (fluorescence) is captured and analysed by a 
spectrometer. Raman refers to inelastic light scattered by phonons of a crystal lattice. 
This is a very weak effect, and therefore needs a high intensity, monochromatic light 
source. A high power laser is then of course the best choice. In a UV-VIS 
Raman/photoluminescence system a laser is used to excite luminescence, and the 
luminescence spectrum is detected by the dispersive component of the system. In an 
UV-VIS absorption spectrometer, the light transmitted by a sample is analysed by a 
dispersive component. The dispersive components of the UV-VIS 
Raman/photoluminescence and absorption spectrometers are very similar. Therefore 
they are not treated in separate sections. 
1.5.1.1. Light source 
Lamps are used as light sources for UV-VIS absorption spectroscopy and they are 
subdivided in two different classes: 
" Gas discharge lamps like Xenon or Deuterium lamps 
" Filament lamps like Halogen light bulbs 
1.5.1.1.1. Gas discharge 
Gas discharge lamps have a gas inside a glass or quartz bulb and electrons are 
accelerated and decelerated in the gas plasma between a cathode and an anode. An 
arc discharge is made between the cathode and anode and the gas plasma emits light 
due to accelerated and decelerated electrons which are scattered by the gas molecules. 
Gas discharge lamps have several advantages over solid state glow lamps: 
"A higher efficiency 
"A smaller light emitting region 
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Figure 1.21. Emission curves of different light sources used for absorption and 
luminescence measurements in the ultraviolet to visible range (LOT Oriel 
catalogue). 
1.5.1.1.2. Filament lamps 
Light emission of filament lamps is essentially blackbody radiation. The radiation 









Here co is the frequency of the photon, T is the temperature of the blackbody, and kB is 
the Boltzmann constant. co is the speed of light in vacuum. 
This must be multiplied by the emissivity of the tungsten filament and the 
transmissivity of the quartz envelope. As a result the spectrum of a Quartz halogen 
light bulb is a continuously rising featureless spectrum from the UV-VIS to NIR 
region. This makes these lamps particularly useful for UVNIS to NIR absorption 
spectroscopy. The filament temperature of the lamp can be as high as 3300 K. Small 
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amounts of halogen gas are added to the noble gas inside the lamp, to increase the 
lifetime of the lamp. 
1.5.1.2. Dispersive element 
The dispersive element in the spectrometer is used to select the different wavelengths 
from the electromagnetic spectrum, hence the name monochromator. Dispersive 
monochromators use elements like prisms or gratings. 
Only gratings will be discussed, as prisms are not used in modem spectrometers. A 
grating consists of a plate with grooves and is typically characterized by a number of 
grooves per millimetre. Each groove acts as a small mirror tilted at a certain angle 
with respect to the normal of the surface of the grating (figure 1.22). 
Path length diffc 
Figure 1.22. The path length difference between two neighbouring, light rays of .10 
wavelength k depends on the angle between the incoming ray 0, and reflected ray 
Od with respect to the grating normal GN. 
The resolution of the grating depends on the number of grooves per millimetre. The 
dispersion works by constructive and destructive interference of light of different 
wavelength reflected from each groove. The total intensity is: 
RIO sin 
2 (No / 2) 
sin 2 (0/2) 
(1.5.2) 
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here R is the relative reflection of the grating, 0 is the phase difference between beam 
partials, N the number of grooves per millimetre and 10 is the intensity of the incoming 
light. In the directions where qb/2 = mý with m an integer there is a maximum in the 
transmitted intensity It 
The spectral resolution is determined by the width of the interference line. From 






Figure 1.23. The multiple beam interference for a grating with N=5 or 20. 
In a scanning spectrometer, the grating is turned which changes Oj and Od and light of 
different wavelength is projected on a fixed exit slit. This is called single channel 
scanning. In a multiple channel scanning setup, the gating is fixed and the detector is 
a multi channel detector like a diode array or a CCD chip. 
1.5.1.3. Slit width andfocal length 
Two additional parameters influence the resolution of the spectrometer: the width of 
the entrance and exit slits placed before and after the grating and the focal length of 
the optical element focussing the diffracted beam on the exit slit (figure 1.24). 
82 
(radials) 
Figure 1.24. Schematic representation of the parameters influencing instrumental 
resolution. 
The reflected light is imaged on an exit slit with a focussing optical element with 
focal length F. The separation bx between beams with two different wavelengths I 
and A+ 6A is F. 80. Resolving the two images is only possible when the width of the 
slit W is smaller than the separation bx or when W< bx = F. M. 
The total resolution of the system for the first order diffraction is then (Kuzmany 
1998): 
R =; FIW. d. cosO (1.5.3) 
here d is the distance between different grooves. Clearly the resolution of the 
spectrometer is also wavelength dependent. 
1.5.1.4. Detectors: multi channel systems andphotomultipliers 
A multi-channel detection system can be a diode array or a CCD camera. The 
diffracted beams are projected by the grating on the detector. This leads to 
defocusing at both ends of the detector, as the wave front of the diffracted light is 
semi-cylindrical in space, while the CCD or diode array is a flat panel. The obvious 
advantage of this system is speed as the entire spectrum is recorded at all wavelengths 
in one single measurement. 
Single channel detectors like photomultipliers (PMT) or pin diodes do not suffer from 
defocusing, but the spectrum is recorded by turning the grating until all wavelengths 
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have passed the detector. These systems are slow, but there are less defocusing 
astigmatism and coma problems. 
1.5.1.5. Single beam systems 
In single beam systems, the spectrum of the light source Arithout sample is measured 
and then the sample is introduced. The spectrum of the transmitted light intensity is 
then measured and the ratio of the two spectra gives the transmittance. There are two 
possible system configurations: 
- The sample is illuminated with the full spectrum of the light source, and the 
transmitted light is then collected and dispersed in the different wavelengths. The 
detector is a multi-channcl detector (diode array, CCD) or a scanning 
monochromator and a detected by a pin diode or PMT. 
- In the second system, the sample is illuminated by monochromatic light and the 
fraction of the light transmitted by the sample is detected. The pre- 
monochromator then scans the entire spectnim and the transmission or absorption 
spectrum is recorded. 
1.5.1.6. Double beam systems 
In double beam systems, the spectrum is monochromatcd before it reaches the sample. 
The light is modulated by a chopper which alternatively passes the beam through the 
sample (sample beam) and the through a blank space (reference beam). The light is 
detected, typically with a photomultiplier (I'MI), and this generates an alternating 
current. The intensity of the current is a measure of the absorbed light. The spectrum 
is then calculated by dividing the sample signal by the reference beaxn signal. 
Fluctuations of the intensity of the lamp are compensated, since reference and sample 
signals are collected almost simultaneously. 
1. S. 1.7 Double and triple monochromator systems 
Modem high-resolution spectrometers contain two or more monochromators. These 
have a higher stray light rejcction and a significantly higher resolution and can be 
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used to measure spectra close to very strong lines, for example when a spectrometer is 
used to measure Raman scattered light close to the laser line. 
These spectrometers can be used in the additive and in the subtractive modes (figure 
1.25). In the additive mode, monochromator G, disperses the polychromatic light and 
the slit S1.2 acts as a bandpass filter, selecting the required wavelength region. All 
other monochromators and slits act in the same way. A high resolution is obtained by 
this technique as every filtered wavelength region is further dispersed by the next 
monochromator. 
So. l -I so'l 






Figure 1.25. The additive (left) and subtractive (right) mode for triple 
monochromators. 
In the subtractive mode, the slit S1.2 acts again as a bandpass filter, but the second 
monochromator acts in a different way: it recombines the light and focuses it on a 
very narrow exit slit S2,3 which serves as the entrance slit for monochromator G3 
which projects the spectrum on the detector D. The ultimate resolution is now of 
course determined by the third monochromator G3. Excellent stray light rejection is 
reached due to the very narrow slit S2.3. This arrangement is typically used in a 
Raman system where one has to get close to the laser line. 
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1.5.1.8. Systems used 
The systems used in this thesis for UVNIS absorption are a Perkin-Elmer Lambda 
800 spectrometer at King's College London, capable of measuring from 900 to 200 
rim, and a Varian Cary 100 at IlRD Research, capable of measuring from 900 to 200 
rim. Both systems arc double beam systems, with a deuterium lamp for the UV 
region, a tungsten halogen light bulb for the visible to near-infrared region, and a 
photomultiplier as the detector. 
The photolumincsccncc detection system works with a similar dispersive system, but 
emitted light, excited by light of a different wavelength, is analysed and detected. 
Different lasers arc used to cover an extensive spectral emission range. Sub-threshold 
excitation of luminescence of defects in diamond (chapter three) and 
photolumincsccncc experiments were carried out with a Renishaw RM 2000 system, 
equipped with a 325 run IJcCd laser or a5 14.5 run Argon-ion laser and a 2400 g/mrn 
grating blazed at 300 run for the UVNIS region or a 1800 g/mm grating blazed at 500 
mn for the VIS-NIR region. The detector is a UV coated, deep depletion (NIR 
enhanccd) CCD chip. 
The samples were cooled in an Oxford Instruments MicrostatN cryostat, and an 
ITC601 controlled the temperature. Good thermal contact was ensured by glueing the 
samples to the cryostat with silver DAG. 71c samples were located as close as 
possible to the thermocouple. Before recording a PL spectrum at different 
temperatures, the cryostat was allowed to thermally stabilise for at least 2 minutes. 
Sample inhomogeneity is a major problem when working with natural diamond 
samples. Slight deviations from the original position of the sample due to thermal 
dilatation of the cryostat can give erroneous results. This problem was circumvented 
by repositioning the sample in the X and Y directions with respect to the origin of a 
thin (I pm) laser-inscribcd reference cross on the diamond's surface. After the 
measurement, the position of the sample was checked to ensure that no drift of the 
sample position had happened during the measurement. Spectra were recorded at 
different temperatures, held tot 0.5 K, normally at intervals of not more than 20 K. 
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At King's College an XY Dilor Raman spectrometer equipped with a cooled and 
intensified 512-diode array multi-channel detector %%us used. The resolution of the 
spectrograph was approximately 1.3 = at the wavelength of the zero-phonon 
transition of the (N-VY defect (637 nm). The photoluminescence from the diamond 
sample was excited with tuneable Coherent CR-599 dye laser. Laser lines between 
639.4 and 688.5 run were produced by pumping a continuously circulating solution of 
DCM (4-dicyanomethylene-2-methyl-6-p-diethylaminostyryl-4-11-pyran) dye with up 
to 5.5 W of 532 nrn radiation from a frequency-doubled Nd-YAG Coherent Verdi 5 
laser. At each wavelength the intensity of the output from the dye laser was measured 
and used to correct the luminescence intensity afterwards. 
1.5.2. FTIR spectrosco 
In modern infrared spectroscopy, a chopper does not modulate the infrared beam as in 
a UV-VIS spectrometer, but the beam is modulated in phase space. Fourier 
transformation is used to calculate the spectrum from the phase-modulatcd spectrum. 
1.5.2.1. Light source 
The light source in an FTIR spectrometer is a hot filament (SiC rod) and the emitted 
light has approximately a black body radiation spectrum. There are two types of 
sources: commonly used air cooled sources and water-cooled sources, which typically 
have a larger filarnent and thus a higher energy throughput. 
Modem FTIR spectrometers can also work in the NIR spectral region by changing 
some parts like the beam splitter (extended KBr, CaF or quartz), detector (InGaAs, 
Ge, Si or PbS) and source (tungsten halogen light bulb). Special options in some 
spectrometers like the top range Bruker FTIR devices allow the spectrometer to scan 
into the visible and the UV region. 
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1.5.2.2 Interferometer 
The heart of an FTIR system is the Michelson interferometer. This part modulates the 
polychromatic light of the light source, but in frequency space, by constructive and 
destructive interference of light propagating along different paths (figure 1.26). 
Fixed mirror 
Beam splitter 
From source Mobile mirror 
4 --- P. 
AX 
To detector 
Figure 1.26. A schematic representation of a Michelson intcrferometer. The light 
beam comes from the left side onto a semi-reflective mirror. 50% of the light is 
reflected to the fixed mirror while 50% of the light is transmitted to a mobile 
mirror. The reflected light beams come together at the semi-reflecting mirror and 
lead to destructive or constructive interference, depending on the pathlength 
difference Ax between the interfering light beams. 
1.5.2.3. Basic principles in FTIR speciroscopy 
The Michelson intcrferomctcr is schematically sho%NM in figure 1.26. A parallel 
bundle of light from the source is split by a beam splitter (half reflecting mirror). Ile 
reflected part is reflected back to the beam splitter by a fixed mirror and the 
transmitted part is reflected back to the beam splittcr by a mobile mirror. The 
reflected light from the stationary and mobile mirror is combined at the beam splitter. 
When the mobile mirror moves over a distance Ax interference fringes develop at the 
detector. The intensity Io(v) of the light of the source with a frequency v, described by 
its electrical wave vector E(vI) = c(v)cxp(i'2zvl) is 
1. (v )= (E (V, t)l E (y, t)) =c (v )' (1.5.4) 
88 
The intensity at the detector is the superposition of the wave front of the bearn 
reflected from the static and mobile mirror causing a time delay J. The superposition 
of the two beams propagating along different paths causes interference fringes at the 
detector and the incident intensity is dependent on 6: 
l(v, g)= (E(v, t)+ E(v, t +8)IE(v, t)+ E(v, t +8)) 
I 
--(v)'[2 +e -02x4 +e 4 
1 IO(vXl+cos(2, Tvg)] 2 
For monochromatic light the output of the Michelson interferometer at the detector 
fluctuates sinusoidally between zero and half the source intensity. 
The time delay & is related to the displacement x of the mobile mirror from the equal 
displacement with respect to the beam splitter by: 
2x 
c 
where c is the light speed. 
With this, equation (1.5.5. ) becomes: 
I I(v, x)=ýl, #) I+cos 2; rv 
c 
II (L 
or by using A- v1c 
110 (A) (I + cos [4rAx]) 2 
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So the output fluctuates with 21x. Of course in the light source, there is a distribution 
of intensities S(v) so the total intensity of the light source is the integral over all 
frequencies: 
10 = fS(v)dv 
So the total output intensity at the detector is given by: 
1(6) =1 fS(vll + cos(2; rvg)]dv 2 
The equation can be rewitten as: 
fS(v)cos(2irv45)dv = 21(g) - 10 (I. S. 11). 
The constant term does not provide anything about the spectrum, but the term I(J) 
does. The inverse cosine Fourier transform of l(b) in equation (1.5.11) provides the 
spectrum: 
S(v) =2 flo (3) cos(2; rvg)dg (1.5.12) 
11crc one sees the benefit of Fourier Transform spectrometers. The whole spectnun is 
recorded in one scan and the input intensity is not dispersed, making this technique 
very sensitive. Also, interference fringes when measuring plane parallel plates will 
appear as spikes in the interferogram and can easily be removed. This results in the 
removal of interference fringes in the spectrum. 
In practice the intcrferogram. is recorded in numeric form after the mirror has been 
displaced over its full range and an inverse cosine Fourier transform is performed 
after the collection of the spectrum. Normally several spectra are co-added to improve 
the signal-to-noise ratio. 
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1.5.2.4. Systems used 
FTIR spectra of the samples have been collected with a Nicolet Nexus or a Bruk-er 
Equinox 55. When necessary, a bcarn condenser (in the Bruk-er) or a microscope (a 
Continugm microscope in the Nicolet) has been used to collect spectra from small 
samples. 
1.5.3. EPR measurements 
1. S. 3.1. Basic principles and setup 
EPR or electron paramagnetic resonance is resonant absorption of electromagnetic 
radiation by unpaired electrons in a magnetic field. These electrons have different 
spin states and the application of a magnetic field will split these states. Resonant 
absorption of electromagnetic radiation will flip one state into the other. The energy 




Here h is the Planck constant, v is the frequency of the electromagnetic radiation, g is 
the spectroscopic splitting factor for the free electron (g = 2.0023) and fi is the Bohr 
magneton. We remark here that the transition is not between different electronic 
energy levels, in contrast to optical absorption or emission. In this study we used 
EPR to determine the concentration of single substitutional nitrogen or PI defects in 
diamond. A review of EPR detectable defects in diamond is given in Loubser (1978) 
and Newton (1994). 
For EPR investigation a defect in a solid is usually described by an effective 
Hamiltonian A 
17 =, 811. gS + SAS + S. A. 1 (1.5.14) 
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Here the first term represents the Zeeman interaction (electron-magnetic field), the 
second term is the zero field splitting (surrounding crystal field-clectron interaction) 
and the third term is the magnetic hypcrfine interaction. The terms S and I are 
operators describing electron spin and nuclear spin respectively, while the g, D and A 
terms are tensors: the g tensor, the zero field splitting tensor D and the hyperfine 
tcnsor A respectively. 
Details on the information one can extract from the different tensors can be found 
clscwhcrc (Spacth et aL 1992) and a rcview of the csscntial data will bc givcn bclo%v. 
The Zeeman term or the g tensor will give information about the symmetry of the 
dcfect and consists of a symmarical and an asymmetrical part. 
The zero field splitting term or D tcnsor, ariscs because of the presence of other 
paramagnetic defects (spin-spin interaction, or spin-orbit coupling, ... ) and in 
diamond the dominant interaction %Nill be the dipole-dipole interaction between 
different unpaired electrons. Ile term is important to determine the symmetry of the 
system and will be a measure of the dimension of the defect (Spaeth et aL 1992). 
The hyperfine parameter or A term describes the interaction between the unpaired 
electron and the nuclear spin of atoms near the defect. If the nucleus has zero spin 
there will be no interaction. This parameter can be used to determine the orbital 
character of the defect (more s or p character), see Lannoo and Bourgoin (1983). 
The EPR spectrometer consists of a klystron which produces monochromatic 
microwave radiation which is guided by a microwave guide through an attcnuator into 
a resonant metal cavity. The cavity is located in the magnetic field and the magnetic 
field is perpendicular to the microwave field. The impedance of the cavity at 
resonance is (Loubser and van Wyk 1978): 
Z, 
R = R(I + 4n7lQZ")+ WrLowZ' (1.5.15) 
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whcre, X" and Y are the imaginary and real parts of the magnetic susceptibility. Q is 
the quality factor and ?I is the filling factor since only part of the cavity is filled with 
the sample. The impedance will go through a maximum when resonance is reached 
and this will change the amount of microwave power reflected by the cavity. This 
signal is then measured by a detector. 
The microwave field is modulated with a high frequency modulation (100 kHz) while 
the large steady field is swept slowly through the magnetic resonance which is known 
from the reflected microwave power. When the modulation amplitude is smaller than 
the width of the EPR line, the spectrum is the derivative of the magnetic susceptibility 
of the defect with respect to the magnetic field. 
1.5.3.2. Experimental procedure to determine the concentration ofP] defects 
The diamonds were measured Aith a Varian CW spectrometer in the field range 
where the central PI line is detectable. The PI spectrum is due to single substitutional 
nitrogen atoms (Loubser 1978). The measurements were done in three days, and to 
eliminate drift in the spectra, a reference sample was measured every day. This 
reference sample is a plate of synthetic diamond grown by Sumitomo (%vithout nickel, 
detectable by absorption spectroscopy), cut from a single growth sector. The 
concentration of the reference sample was determined by deconvolution of the one- 
phonon absorption in the FTIR spectra. 
The central line of the PI spectrum is at - 3394.5 G, with a microNN-ave field 
frequency of - 9.51 GlIz. The field sweep range was done over 20 G to eliminate the 
background and 5G to determine the peak-to-peak width in the derivative spectrum. 
The spectra were normalized with respect to resonance frequency, and signal gain. 
The square of maximum to minimum separation multiplied with the signal intensity in 
the derivative 5G spectrum is taken as a measure of the integrated intensity. Ile 
resolution of the spectra is 0.1 G, which is probably inadequate for the low 
concentration sarnplcs. In the paper of van Wyk (1997) the resolution is set to less 
than 20% of the peak to peak width, ensuring a correct measurement of the line shape. 
This procedure was not adopted here which might lead to substantial broadening of 
the line for low concentration of PI defects. However, increasing the resolution by 
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decreasing the modulation frequency by 50% did not significantly change the peak-to- 
peak width of samples with low concentration of single substitutional nitrogen (- 120 
ppb). The noise increased substantially without a decrease of the peak-to-peak, %&idth 
(the peak width changed from 20.9 to 19.7 G) so the procedure of van Wyk was not 
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Figure 1.27. The dependence of the line width on the concentration of PI defects 
in diamond for samples measured at the University of Ghent (open circles), data 
from Brozel et al. (1978) and from van Wyk et al. (1997). The solid curves were 
calculated with equation (1.5.16) and the values of the a and b parameters used to 
calculate the curves are summarised in table 1.2. 
The concentration of PI defects is determined by the following procedure: the relative 
signal intensity of each sample is calculated by comparing it with the reference 
s=ple. The intensity is corrected for the different weight (and thus volume) of the 
sample. As a check, the width of the PI line is compared with the concentration 
calculated from the ESR signal intensity. The data (figure 1.27) is fitted with the 
equation 1.5.17 (van Wyk el aL 1997), which includes line broadening because of 
dipolc-dipolc interaction between spins with the same (PI-PI defect interaction) and 
with different Larmor frequency (pl. 13 C nuclear spin interaction): 
=(a+ bX2f2 (1.5.16) 
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The data of Brozel et aL (1978) and Van Wyk el aL (1997) are superimposed on the 
data of the samples, measured in this investigation at the University of Ghent. 
Ile free parameters a and b for the different datasets are tabulated below. 
Sample set ab 
Univ. of Ghent 5.8 10"" ± 0.4 1 1.2 10'4 -4- 6.5 1 
Brozel el aL (1978) 1.2 1 O"± 0.1 10,2 0.7 10'4 ± 2.0 10-6 
Van Wyk el aL (1997) 1.4 10-2 1.2 10'4 
Zhang el aL (1994) 6.4 10'4 1.2 10"4 
Table 1.2. The a and b parameters, used to calculate the curves in figure 1.27. 
One can see significant differences between the different parameters from different 
investigations. The sample used by Zhang 1994 was a synthetic type Ila diamond 
with a 13C content of 0.05% (GE isopure 1IP1IT synthetic diamond). As the a 
parameter depends rather strongly on the actual 13C content, changes of this parameter 
arc expected. Other parameters which could lead to differences between the results of 
van Wyk el at (1997) and the results presented here are sample inhomogeneity, 
insufficient spectral resolution and magnetic field inhomogeneity. The total EPR PI 
signal in our samples would then be the sum of Gaussian absorption lines, with 
different widths, corresponding to locally different concentrations of PI defects in the 
samples. Small samples in the study of van Wyk et aL were cut from a single growth 
sector of synthetic diamonds, ensuring better sample and magnetic field homogeneity. 
In summary, the concentrations of C defects can accurately be measured when above 
20 ppm. In that case the measured concentrations would not differ significantly when 
measured by different techniques. However, measurements of concentrations of C 
defects below 10 ppm should be treated with caution. 
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1.5.4. Cathodoluminescence spectroscopy 
1.5.4.1. Basic principles and setup 
Cathodoluminesccnce (CL) is the emission of light from a material under electron 
bombardment. The luminescent properties are dependent on the material and the 
defects in the material. In contrast to photoluminescence, cathodolumincscence will 
lead to light emission of all possible radiative channels in the sample. However, some 
defects are not excited using the CL technique. These defects are the negatively 
charged defects like ND I or (N-V)'. Low energy electrons have a limited penetration 
depth, and variation in the energy of the electrons can lead to probing of depth 
dependent characteristics. 
A CL system typically consists of an electron source, a movable sample stage and a 
spectrometer. To avoid energy loss of the electrons, the sample stage is evacuated. If 
the sample is not coated with a conductive layer, a low vacuum is used to avoid 
charging of the sample (since most diamonds are electrically non-conductive). This 
charge build up would reduce the CL emission efficiency. In high vacuum systems 
like scanning electron microscopes, the sample needs to be coated by a sputtered thin 
gold or carbon layer. In some scanning electron microscopy (SEM) systems 
simultaneous detection of CL and X-ray Fluorescence (XRF) (see section 1.5.5. of 
this chapter) emission is an additional advantage. 
The irradiating electrons will create a non-equilibrium concentration of electrons and 
holes in the sarnplc. Recombination of electrons and holes can be radiative and non- 
radiative. Radiative electron-hole defects in di=ond can be divided in two classes: a) 
intrinsic or fundamental and b) extrinsic or impurity dependent. 
Intrinsic emission is due to interband, transitions of electrons in the bandgap. 
Diamond is an indirect-gap material, and therefore free excitons 'Will not have an 
energy Es close to the bandgap energy, but somewhat smaller, because the electron- 
hole recombination must be accompanied by the creation of a phonon (Kittcl 1996). 
As a result, free exciton emission will be weaker in indirect-gap materials than in 
direct gap materials (Petrov 1996). 
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Extrinsic emission is due to impurities in the material, and the defect can lead to 
excitonic emission (bound excitons) or other luminescence. Many of the vibronic 
centres are readily excited using CL. 
The shape of the excitation volume in a bulk object depends on the atomic number of 
the material: the excitation volume of a low atomic number material will have a pear 
shape, while for 15 < atomic number < 40, the volume is spherical. It is 
hemispherical for larger atomic number materials (Petrov 1996). 
Polarization of CL emission has sometimes been observed. For example, in diamonds 
of type Ilb, blue CL from linear defects oriented in the <110> direction has been 
observed with the E vector polarized along the same direction. This emission has been 
identified as originating at dislocations (Kiflawi and Lang 1976). 
1.5.4.2. Systems used 
Micro-cathodolumincscence (CL) was recorded with a Topcon 350 scanning electron 
microscope at NIRIM in Tsukuba, Japan. Here, the luminescence is produced by an 
electron beam (20 W, 4 pA), and focussed by a mirror on the entrance slit of a 32 cm 
Photon Design PDP320 monochromator fitted with a 300 g/min grating. 
Monochromatized light is detected by a Hamamatsu R928 photomultiplier for 
scanning and a Roper LN/CCD 400-EB-GI camera for imaging. The sample is cooled 
to liquid nitrogen temperature with a VG cold stage. The sample stage is motorized 
and can be moved in steps of I micrometer or larger, and spectra are recorded along a 
line with steps of I micrometer. All CL spectra were recorded with samples at -80 K. 
1.5.5, Energy Dispersive X-ray Fluorescence (EDXRF) 
1. S. 5.1. Basic principles and setup 
Chemical analysis of the atomic impurities is carried out with Energy Dispersive X- 
ray Fluorescence or EDXRF. The basic working principle of EDXRF is the 
following: an X-ray from an X-ray source ionises an electron from an inner shell of an 
atom. This induces instability in the electronic configuration of the atom, and 
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electrons from a higher orbital shell will fall back into this lower shell. Tle energy 
difference between the electron of the higher and lower orbital will be emitted as an 
X-ray. The X-ray has an atom-dependent energy, since the energy difference depends 
on the energy difference between the inner shells, and on the atomic mass of the 
nucleus. If an electron falls back from one orbital above the ionised orbital, the 
transition is an alpha transition, if it falls back from the second orbital above the 
ionised orbital, the transition is a beta transition and so on. The ionised shell gives the 






Figure 1.28. The K. transition in X-ray fluorescence. 
Since the inner electrons are not influenced by binding to other atoms, one can 
identify the trace elements in the sample. 
The sample is illuminated with pulsed X-rays and the fluorescence is recorded. As 
this fluorescence decays in time, a time window is set in which the fluorescence is 
detected to eliminate fluorcscencc of overlapping excitation peaks. The energy of the 
X-ray is determined with a liquid nitrogen cooled silicon-lithium drift detector. 
EDXRF mcasurcmcnts wcrc carricd out with an Oxford Instrumcnts ED2000 systcm. 
Quantitative XRF measurements cannot be carried out, partly because adequate 
calibration standards are not available and partly due to inhomogeneities of the 
swnples. Howevcr, to estimate the concentrations in a scmi-quantitative %uy, pellets 
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were made of carbon powder with nickel in wcll-deterrnined quantities (10.0,1.0 and 
0.1 ppm) at Tcssenderlo Chemie at Tessenderlo, Belgium. The signatures were first 
measured on a calibrated Wavelength Dispersive X Ray Fluorescence (Siemens 
WDXRF) system to set up a calibration curve. A synthetic diamond s=ple %%2s 
measured with the WDXRF system and the intensities of the nickel peaks, measured 
with both the Oxford Instruments ED2000 and the Siemens systems were then 
compared. From this routine, an estimate of the lower detection limits can be given. 
This limit is not a constant for each of the atom, but it is estimated to be between I 
and 0.1 pprn for the Oxford Instruments ED2000 system. 
1.5.6. Irradiation by vdth a linear electron accelerator (LINAC) 
1. S. 6.1. Basic principles and setup 
A LINAC is a linear accelerator capable of accelerating nuclear particles like 
electrons or protons to high speed. The kinetic energy of the electron is expressed in 
kilo electron volts (kcV) or mcga electron volts (MeV). Electrons are generated by an 
electron gun, and inserted in the linear accelerator. The electron is injected into a 
high vacuum tube and accelerated in a high frequency RIF electric field. The electron 
is accelerated in the negative half cycle of the RIF wave and shielded by a copper tube 
when it is in the positive half cycle of the RIF wave. The length of the shielding tubes 
increases along the path of the electron, to keep up with the pace of the electron 
(Burcham and Jobes 1995). 
Electrons impinge on the diamond sample, which is cooled by running A-ater at 19*C, 
and they lose their energy. Tberc are three basic processes by which the electron can 
lose energy: 
- Interaction of the electron with the electrons of the lattice, where the electron 
generates phonons, locally heating the sarnple. 
- Direct momentum transfer of the electron with an atom in the lattice, displacing 
the atom out of its lattice site. 
- At high cncrgics (> I MeV) Brehmsstrahlung radiation becomcs important as an 
energy loss mechanism. 
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In theory low energy irradiation will give a closely spaced vacancy-interstitial pair. 
Higher energy irradiation will transfer more energy to the knocked out atom, which 
can displace a neighbouring atom, pushing this atom into an interstitial position. If 
this atom has sufficient energy, a next atom can be displaced and so on. This will 
lead to a well-separated vacancy-interstitial pair. When the momentum transfer is 
higher, one particle can induce multiple vacancies and the closeness of the vacancies 
and interstitials will lead to significant ZPL broadening. 
1.5.6.2. System used 
The system used is a LINAC system at the University of Ghent, Belgium. The system 
is capable of accelerating electrons with energies between 2 and 10 MeV 
(theoretically 15 MeV can be reached). 
There are four beam stations (figure 1.29), two (CO and C2) of which are used for 
irradiation with electrons and two (C I and CT) for generation of high energy X-rays. 
For irradiation with electrons with kinetic energy below 2 MeV, a set of metal filters 
is used to decelerate the electrons. However, the deceleration of the electrons makes 
the beam less mono-energetic and Gamma and high energy X-rays can also be 
created. The energy of the accelerated electrons is not mono-energetic (see figure 2n 
1.30). 
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Figure 1.29. The LINAC system of the University of Ghent. Irradiated samples 
are located at end station CO. Electrons are injected at the left side and accelerated 
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Figure 1.30. A simulation of the kinetic energy distribution of accelerated 
electrons in the LINAC system used, when the kinetic energy is set for 1.5 and 4 
MeV (Univ. of Ghent). 
All samples were turned 180' halfway through the irradiation process to induce a 
homogeneous vacancy concentration. 
1.5.7. The DiamondViewTm Instrument 
1.5.7.1. Basic principle and setup 
The DiarnondViewTm device uses short-wave UV light (wavelength < 225 nrn) to 
excite luminescence on the surface of a diamond. This radiation has an energy above 
the bandgap of diamond, and is strongly absorbed. This allows one to see sectors 
with different luminescence because of defect concentration and type differences on 
the surface of the diamond. This variation in luminescence reflects the change in the 
growth history, crystal structure, ... 
Interference of a different luminescence pattern from deeper within the diamond is 
avoided by this method as all UV light is absorbed at the surface. 
101 
1.5.7.2. Device used 
The short-wave UV topographic observations were performed using the DTC 
DiamondViewTm instrument. The sample is put on a suction cup of a vacuum tweezer 
when inserted in the instrument. The generated luminescence is captured by a colour 
CCD camera and displayed on a computer screen. 
1.6 Sample cleaning 
The diamonds were cleaned by boiling in acids and in by immersion in acetone and an 
ultrasonic bath. This removes absorption and luminescence peaks because of grease 
from fingers, dirt, ... 
1.7. The concentration of infrared-active nitrogen-related defects in diamond 
1.7.1. Defect induced infrared absorntion 
Pure diamond, like crystalline silicon and germanium, is a crystal with covalent 
interatomic bonds. As a result, infrared absorption is mainly due to two and three 
phonon absorption (Bilz 1966). Another way to understand this is by looking at the 
symmetry of the crystal: diamond has Oh symmetry, so the lowest symmetry is two- 
fold. One-phonon absorption is thus impossible and can only be introduced by 
breaking the crystal symmetry locally: i. e. by distortion of the lattice by intrinsic or 
extrinsic impurities. 
A prerequisite for one-phonon infrared absorption is that the defect can induce an 
electric dipole. This depends on the symmetry of the defect which can be found in 
character tables (see section 1.2.1. of this chapter). The theory of defect activated 
infrared absorption has been used by Lax and Burstein (1955) to explain the infrared 
absorption in type I diamond. Later Dawber and Elliot (1963), and Elliot (1966) 
calculated absorption spectra of impurities in silicon by Green function techniques 
(for an introduction on the use of Green functions to calculate absorption spectra, see 
Yu and Cardona (2003)). If the symmetry of the substitutional defect is the same as 
that of the host lattice, the defect induced one-phonon infrared absorption can be 
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calculated from Elliot (1966) and the theory shows that the absorption is then 
composed of two parts: 
- The first part is due to localized vibrational modes, where frequencies have no 
analogue with the frequencies of the lattice modes. 
- The second part is due to the activation of lattice modes and the frequency 
dependence of the absorption is the one-phonon density of states (DOS) of a 
perfect crystal, modified by a smoothly varying frequency dependent function. As 
a result the one-phonon absorption due to defects will show maxima and shoulders 
in the absorption spectrum at critical points in the DOS. 
The one-phonon density of states for diamond is shown in figure 1.31 and one can 
observe deviations from the one-phonon density of states measured by inelastic 
neutron scattering (Bilz and Kress 1979). A significant feature in the calculated DOS 
is the sharp peak at the Raman frequency (1332 cm-) and the non-zero density of 
states at frequencies above the Raman frequency (Pavone et aL 1993). This is due to 
the overbending of the [100] LO phonon, which is also experimentally observed 
(Kulda et al. 1996). This overbending of the LO phonon has been used to explain the 
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Figure 1.31. The one-phonon density of states for diamond as calculated by 
Pavone et aL (1993). 
For A defects, which involve two nitrogen atoms, the effect of the off-diagonal 
elements is to induce a shift, dependent on the change in bond strength between the 
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nitrogen-carbon (748 U/mol), the carbon-carbon (610 U/mol) and nitrogen-nitrogen 
bonds (945 W/mol) (Weast 1989). Since the change in bond strength between the 
nitrogen-nitrogen bonds is the largest compared to the carbon-carbon bond, one can 
expect a significant shift of nitrogen-nitrogen vibrations with respect to critical points 
in the DOS. Indeed the first critical point in the vibrational DOS is at 73 meV or 589 
cm" (figure 1.3 1), while the lowest frequency absorption due to the A defect in 
diamond is observed at 480 cm" (or 60 meV). 
As stated in the introduction, nitrogen in type I diamonds can be present as a single 
substitutional atom or in aggregated form. Aggregates of 2 nitrogen atoms are called 
A defects and have C3v symmetry (Davies 1976), while aggregates of 4 nitrogen 
atoms around a vacancy are called aB defects and have Td symmetry. Both defects 
have a distinctive absorption spectrum in the IR (figure 1.32). 
Groups of three nitrogen atoms around a vacancy also exist, but these defects are not 
detected in the infrared spectrum of the diamond: the presence of these defects is only 
detectable in the UV-VIS absorption spectrum. Single substitutional nitrogen defects 
are called C centres. Another defect which is frequently detected in the infrared 
spectrum of type Ia diamonds is the platelet. Platelets are thought to consist of planes 
of interstitial carbon atoms (Goss 2003), and they have a distinctive peak outside the 
one phonon region of diamond, around 1365 cni". Platelets are known to correlate 
with D defects in diamond (Woods 1986). D defects have a relatively featureless 
absorption spectrum, in the same region where the A and B defects have their 
strongest absorption. Woods (1986) showed a correlation between the integrated 
intensity of the platelet (B') peak and the D absorption at 1282 cm'i and also, for most 
diamonds, between the integrated intensity of the B' peak and the B defect absorption. 
Diamonds showing this relation are called regular diamonds. Some diamonds deviate 
from the relation between the B component and the integrated intensity of the platelet 
peak. These are called irregular diamonds. Positively charged single substitutional 
nitrogen can also be detected in the infrared spectrum of diamond. This defect has Td 
symmetry and its spectrum is substantially different from the C defect absorption 























Figure 1.32. The various one-phonon induced absorption spectra in diamond due 
to single nitrogen, nitrogen aggregates and platelets. The A defect consists of two 
nitrogen atoms, the B defect of four nitrogen atoms around a vacancy, the D defect 
is platelet related. The C defect is a single substitutional nitrogen defect and the N' 
is an ionised C defect. A typical absorption spectrum of a type IaA/B diamond is 
the superposition of A, B, D spectra and the platelet peak. The strengths of the A 
and B absorptions are proportional to their concentrations in the diamond. 
00 
I The C defect has a sharp absorption maximum at 1344 cm- ,a 
frequency outside the 
range of lattice frequencies. The peak position does shift with 13C isotopic subtitution 
in synthetic diamond, but does not shift when 14 N is substituted by 15 N, proving it is a 
localised mode (Collins et aL 1987, Collins et aL 1988). 
1.7.2. Concentration determination procedure 
The concentration of nitrogen in the defects detectable by infrared spectroscopy can 
be calculated by using the procedure described in Boyd et aL (1994,1995), Lawson et 
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al. (1998) and Kiflawi et al. (1994). All FTIR spectra are first baselined and 
renormalized for a pathlength of I cm-1 absorption (or absorption coefficient) and then 
decomposed into the A, B and/or C, N+ centres respectively. The strength of the 
absorption at specific wavenumbers is then multiplied with the parameters of table 
1.3. An example of the decomposition of the FTIR spectrum of a type la diamond 
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Figure 1.33. The decomposition of the FTIR spectrum of a regular type IaA/B 
diamond with platelets and A, B and D components. The fitted spectrum is a least 
square fitting of the sum of A, B and D components. The experimental spectrum 
is shifted up by 2 cm-' for clarity. 
Nitrogen conc. (at. ppm) Abs. coef. 
[NO] = (25.0 ± 2) at 1130 cm-1 
[N+] = (5.5 ± 1) at 1332 cm-1 
[NAI = (16.5 ± 1) at 1282 cm-1 
[NBI = (79.4 ± 8) at 1282 cm-1 
Table 1.3. The calibration coefficients used to determine the concentrations of the 
nitrogen containing defects in the one-phonon region of the FTIR spectrum. C, r) 
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1.8. The concentrations of defects determined bv UV-VIS absorption 
spectroscopv 
Because of the large bandgap of diamond (5.5 eV) (Clark 1964) defects can have 
localised states in the bandgap, and optical transitions can occur between the different 
energy levels. This leads to a Zero Phonon Line transition and a side band due to 
electron-phonon coupling. Random stress and the electron-phonon coupling are 
responsible for a Lorentzian line shape of the ZPL. Interactions with other defects 
will cause an increase in the Full Width at Half Maximum (FWHM) of the line due to 
dipole-dipole or dipole-quadrupole interaction (Davies 1981a). These interactions 
will also cause a decrease of the lifetime of the electron in the excited state or non- 
radiative decay of the electron by energy transfer to other defects. A defects in 
diamond are efficient luminescence quenching defects (Davies and Crossfield 1973, 
Crossfield 1974, Thomaz 1978) and as a result, photoluminescence is not a 
quantitative technique. 
Calibration coefficient 
AN3 = (8.6 ± 2.0) x 10"' [N3] 
AND I= (3.9 ± 1.0) X 10,16 IV-] 
AND I= (4.8 ± 0.2) x 10-16 IV, ] 
AGRI = (1.2 ± 0.3) x 10-16 IVI 
ANV = (1.4 ± 0.35) x 10,16 INN] 
AH3 = (1.0 ± 0.35) x 10-16 [H3] 
AH4 = (1.0 ± 0.35) x 10,16 [H4] 
A1.859 = (1.0 ± 0.2) x 10-17 [RU] 
Table 1.4. A is the integrated intensity of the zero-phonon absorption line of the 
defect, measured at 77K, with the absorption coefficient in cm7l and the photon 
energy in meV. 
The concentration of a particular defect with absorption in the UVNIS spectrum is 
calculated by multiplying the area under the curve of a Lorentz function fitted to the 
experimental curve, with an appropriate calibration factor. The abscissa of the 
spectrum needs to be in meV or another energy unit as absorption is proportional to 
the amount of energy absorbed by a defect. 
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The coefficients are known from Davies (1999) and are summarised in table 1.4. 
1.9. Defect properties 
In this thesis a number of defects, detectable in UV-VIS absorption, 
photoluminescence and infrared measurements will be encountered. This section will 
summarize properties of these defects, to prevent unnecessary repeating of their 
properties in all the following chapters. In the next section, a more elaborate 
explanation will be given about the correlation between the different defects, defect 
production and the correlation between some absorption lines in IR and UV-VIS 
spectra. 
1.9.1. Table of electronic transitions 
Zero Phonon line Symmetry Transition Composition and remarks 
ND1 (393 nm) Td A to T Negatively charged vacancy (Davies 
1977) 
S=3.18 
Phonon interaction: 76,80 meV 
Dynamic Jahn-Teller distortion 
(Lowther 1978) 
N3 (415 mn) C3v A, to E 3N around a vacancy (van Wyk 
1982, van Wyk 1993) 
S=2.45 
Phonon interaction: 93,165 meV 
In absorption, vibronic coupling to an 
A2 state gives rise to the N2 side 
band (Davies 1981a), however there 
are doubts about this (see section 
1.2.3) and N2 absorption might be 
independent of N3 absorption. 
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490.7 mn 




H3 (503.2 nm) C2v 
A'to A' Unknown composition, thought to be 
related to plastic deformation 
(Collins et aL 2000, Nazare et aL 
1992) 
S=2.8 
Phonon interaction: 80,106,143 
meV 
Unknown B defect + vacancy (Davies 1977, 
Clark and Davey 1984) 
S=3 
Phonon interaction: 40,154 meV 
Al to BI (N-V-N)O, A defect + vacancy 
(Davies 1977, Clark and Davey 
1984) 
Nearly degenerate excited state 
S=3 
Phonon interaction: 41 and 152 meV 
Higher excited states between 3.2 
and 3.6 eV (Collins 1983). 
Vibronic mixing with a second BI 
state 16 meV above the 2.463 eV 
(503.2 run) state (Davies et aL 1976) 
3H (503.5 nm) Rhombic-I Unknown Interstitial related (Twitchen 2001) 
S-0.8 
Phonon interaction: 67 meV 
(N-V)O (575 nm) C3v A, to E Neutral N-V defect (Mita 1993) 
S=3.3 
Phonon interaction: 46 meV 
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594 nm D3d EtoE Unknown composition, radiation 
damage related defect in nitrogen- 
containing diamond 
S=2.1 
Phonon interaction: 75,165 meV 
(N-V)* (637 mn) C3v A, to E Negatively charged N-V defect 
S=3.65 
Phonon interaction: 65 meV 
GRI. (741 and Td A to T Vacancy [Clark 1956a] 
744 nm) (744 mn) Dynamic Jahn-Teller distortion 
E to T (Lowther 1978, Davies and Foy 
(741 nm) 1980, Davies 1981b), 
S=3.7 
Phonon interaction: 41,93 meV 
Higher excited states (GR2-8) 
between 2.88 and 3.01 eV (Collins 
1978a). 
H2 (986 i1m) C2v B, to Al (N-V-N)', Negatively charged H3 
defect (Lawson et al. 1992a, Mita 
1990) 
S=3.35 (Lawson et al. 1992a) 
Phonon interaction: 65 meV, local 
mode at 167 meV above ZPL 
(Lawson et al. 1992a) 
HIb (2024 mn) Monoclinic- Unknown A defect + 594 mn defect (Collins et 
I al. 1986) 
S=0.1 
Phonon interaction: Unknown 
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HIc (1934 mn) Monoclinic- Unknown B defect + 594 ran defect (Collins et 
I al. 1986) 
S=0.1 
Phonon interaction: Unknown 
1.9.2. Table of vibrational transitions 
Defect Symmetry Peaks (cm7') Composition and remarks 
A C3v 1282 Two nearest neighbour 
1214 substitutional nitrogen atoms 
1095 (Davies 1976) 
480 
B Td 1331 Four nitrogen atoms around a 
1075 vacancy (Jones et al. 1992) 
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1010 
C C3v 1344 Single substitutional nitrogen atom 
1134 (Kiflawi et aL 1994, Woods et aL 
1990) 
Static Jahn-Teller effect (Loubser 
and van Wyk 1978, Davies 198 1 a) 
D and B' CIh 1360-1370 Platelet absorption 
(platelet) Planar structure of interstitial carbon 
atoms on {001) planes (Goss el al. 
2003) 
N+ Td 1332 Ionised single substitutional 
nitrogen atom (Lawson et al. 1998) 
III 
3107 cm" trigonal 3107 Hydrogen related absorption peak. 
1405 A to A transition (Newton 2006) 
3107 cm-1 peak: stretch vibration 
1405 cm-1 peak: bend vibration 
Overtones at 2786,4169,4499, 
1 5889,6070 cm- . 
1.9.3. Defect production and correlations 
1.9.3.1 General aspects of defects production hy irradiation 
Various types of high-energy irradiation have been used to induce radiation damage in 
diamond and in materials in general. These are electron, gamma ray and nuclear 
particle (alpha, proton, neutron, ... ) irradiation. The mechanism of defect production 
is different for each type of radiation (Agullo-Lopez et aL 1988): neutrons generate 
vacancies in the lattice by direct momentwn transmission (neutron-atom collision) 
while charged particles will lose energy by electronic excitation of the lattice, thereby 
generating non-equilibrium excitons. As the charged particle moves through the 
lattice along certain crystalline direction, it will loose energy by Brehmsstrahlung. As 
a result intense X-ray emission can be observed when the incident particle beam is 
oriented along certain crystalline directions (Derry et aL 1982, Agullo-Lopez et aL 
1988). Charged particles will push an atom out of its position because the Coulomb 
force between the equal charges of the atom and the impinging particle exceeds the 
binding energy of the atom to the rest of the lattice. 
In order to displace an atom from its position in the lattice, a minimum energy is 
required; the displacement energy ED. For diamond the displacement energy is 30 eV 
(Campbell and Mainwood 2000). 
For electron irradiation, the differential cross section depends on the incident angle, 
the energy transferred, and the energy of the incident electron (Mott 1929,1932, 
McKinley and Feshbach 1948, Agullo-Lopez et aL 1988). Multiple vacancy creation 
can occur when the transferred energy exceeds 2ED. Replacement collisions (where 
the primary displaced atom replaces a neighbouring atom) can lead to well separated 
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Frenkel pairs (vacancy-interstitial pairs) which are more stable than closely separated 
pairs. The maximum lattice damage depth and lattice damage profile of electrons, as 
a function of initial electron energy has been calculated by Campbell et aL (2002). 
The lattice damage profile has a sharp cut-off and the maximum depth is -1.5 
mm/MeV (Campbell et aL 2002). 
In ion beam irradiation an intense beam of ionised particles such as protons or alpha 
particles is used. Understanding radiation-induced damage in solids is very 
complicated; for example one needs to take into account screening of the nuclear cell 
by surrounding electrons. For a classical two-particle collision, one knows the 
maximum energy E,,,,,., transferred to the atom in the lattice with mass M, by a particle 






(ml + M2 (1.9.1) 
Here Eki,, is the kinetic energy of the ion. This of course does not take Coulomb 
screening into account, but one can see that the transferred energy is maximal when 
the ion and lattice atom mass are equal. Free programs, available on the internet 
(www. srim. org), have been tested extensively and are used to simulate radiation 
damage by ions in materials, taking limited quantum mechanical processes (exchange 
and correlation terms) into account. The SRIM (Stopping Range of Ions in Materials) 
program is such an example and is educative as it gives an idea of the vacancy and 
interstitial profile, the generation of phonons, lateral deviations of the ion track 
because of Coulomb screening, ... However, it must be said that these programs 
neglect crystalline direction or additional processes like channelling of non-standard 
materials, like diamond. In the program, diamond is modelled as closely packed 
carbon atoms with a density of 3.52 and a displacement energy of 30 or 40 eV. The 
damage profile of 100 keV protons, calculated by SRIM is shown in figure 1.34. 
From the calculated phonon creation profile (fig 1.35), one can see that the generation 
of phonons is a significant energy loss process and the sample is substantially heated. 
The SRIM calculation differentiates between different phonon creation mechanisms: 
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1. by the Coulomb interaction between the lattice electrons and the hydrogen ion, 
2. and the knock on of the hydrogen ion without displacing the carbon atom from its 
lattice site (figure 1.35). The carbon atom will then jump back into the correct 
lattice site and the kinetic energy transferred by the recoil from the hydrogen ion 
energy to the carbon atom is dispersed in the lattice by phonons. 
3. Also, Coulomb interaction between the ion and lattice electrons will ionise some 
of the lattice atoms (figure 1.36) as calculated by SRIM. 
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Figure 1.34. Vacancies created during irradiation of diamond with hydrogen ions Zý 
(If) of energy 100 keV. The largest amount of damage is created at the end of the C, 
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Figure 1.35. Phonons created during irradiation with hydrogen ions of energy 100 
keV, and phonons created by host atom - recoil of the hydrogen ion interaction. 
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Multiple vacancy creation can occur as the lattice atom can have sufficient energy to 
create secondary damage which should be much more effective for heavy mass ions 
because energy transfer is much more efficient. Multiple vacancy creation can occur 
as the lattice atom can have sufficient energy to create secondary damage which 
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Figure 1.36. The ionisation of the carbon atoms in the diamond lattice when the 
sample is irradiated with 100 keV hydrogen ions. 
Vacancy generation by neutron irradiation is different from other processes as the 
vacancy is generated by displacement of the lattice atom after direct knock-on by the 
neutron (hard sphere collision). Also the neutron can be captured by the nucleus of 
the atom and nuclear reactions can happen. The by-product of nuclear reactions can 
be alpha particles, which in turn can cause radiation damage. 
Gamma irradiation is a highly inefficient vacancy creation process as radiation 
damage occurs through the creation of a Compton electron, and if the electron has 
energy above the displacement energy ED, it can create a vacancy in the diamond 
lattice. Gamma rays are electrically neutral and can penetrate deep in the crystal 
lattice, as they have no interaction with lattice electrons. 
During irradiation with electrons or ions, a non-equilibrium concentration of excitons 
is created and recombination enhanced reactions can occur (Lang 1982) and host 
lattice atoms can ionize. This can enhance diffusion of certain defects. Electron- 
115 
phonon coupling and charge trapping are the physical mechanisms underlying all 
these phenomena. We will illustrate these with the aid of configuration coordination 
(CC) diagrams from Lang (1982) (figure 1.37). The electron-phonon coupling must 
be strong and be significantly different for different charged states. Three different 
charge states are considered: the neutral state of the defect (DO), the defect plus a 
delocalized electron hole (Do + e+ h), and the defect in the negative charge state plus 
a hole (D' + h, where the electron is trapped at the defect). The energy barrier to 
diffusion is different for each state (E- for D', EO for DO). Four processes are known 
(Lang 1982) and are discussed below: 
- Charge state mechanism: energy barrier for diffusion of the defect in the neutral 
state from one minimum in the CC diagram Q0 to another (QO + a, i. e. an 
equivalent lattice position separated by the lattice constant a) is different for the 
neutral and the charged defect (E' < EO). By trapping an electron, the defect can 
overcome the lower energy barrier in the negative charge state by the aid of a 
phonon (figure 1.37a). 
- Saddle point (Bourgoin) mechanism: this is the extreme case of the charged state 
and has a saddle point in the CC diagram F=0; there might also be an energy 
barrier at another point in the charged state CC diagram. In this an equal ratio of 
the charged defects will go to neighbouring lattice sites. This gives rise to 
athermal diffusion by multiple trapping of charge from excitons (figure 1.37a). 
Energy release ("phonon kick") mechanism: in this situation, the D' +h state has 
enough energy to surmount the barrier to diffusion by assistance of a phonon: the 
Do +e+h captures the electron from the exciton and the energy difference 
between the minimum of the D' +h state and the Do state (AE = ER - EO) is small 
enough to be overcome by the assistance of a phonon (figure 1.37b). 
Electronic excitation mechanism: the electronically excited state of the negative 
defect can have a smaller diffusion barrier E*- than the ground states of Do and D'. 
This is somewhat analogous to the charged state mechanism, with the difference 
that electronic excitation is necessary (illumination) (figure 1.37c). 
From this, it is clear that one can expect differences in defects created when diamond 
is irradiated with ions, electrons, gamma rays and neutrons. One can also expect 
differences when irradiation is continuous or pulsed: in the latter case the local 
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heating of the sample can efficiently be removed by cooling, while this is more 
difficult with the former method. Efficient cooling or heating during irradiation is 
known to induce differences (Newton 2002) in the relative concentrations of defects. 
Vve+l 











Figure 1.37. The configuration coordination diagrams illustrating the four 
recombination enhanced diffusion mechanisms. (a) The charged state mechanism 
and saddle point mechanism (dashed D- +h line has a saddle point at the Do 
maximum), (b) the energy release ("phonon kick") mechanism, (c) the electronic 
excitation mechanism. Figure from Lang (1982). 
In indirect semi-conductors, the generated non-equilibrium charges can recombine 
through intermediate defects. This theory has been developed by Shockley and Read 
(1952) and Hall (1952) when radiative recombination is absent (SRH theory). The 




been made to the theory to include radiative transitions (Beaucarne and Green 2003). 
The impurity recombination as described by SRH is important as it may reduce 
recombination enhanced diffusion of interstitials when the interstitial-vacancy pair is 
created close to or far from a nitrogen or nitrogen aggregate impurity (see chapter 
five). The detailed investigation of SRH in diamond is beyond the scope of this 
thesis, but should be investigated. 
1.9.3.2. Defect production by HPHT annealing oftype la diamond 
Some defect aggregates can form during High Pressure High Temperature (HPHT) 
annealing, for example the concentration of H3 defects is substantially increased 
when brown type Ia diamonds are subjected to HPHT annealing (De Weerdt and Van 
Royen 2000, Collins el aL 2000). Minor increases of N3 defect concentrations are 
also detectable (Kanda 2004). Nitrogen A aggregates can be created by HPHT 
annealing of synthetic and natural type Ib diamond (Chrenko et aL 1977). This 
process is a second order process as it involves two moving nitrogen atoms (Chrenko 
et aL 1977). It is unclear at the moment how B defects form, but they can be created 
by HPHT annealing at high temperatures (T > 2600'C). Platelets also form during the 
HPHT annealing, and the diamond becomes a regular type IaA/B diamond (Kiflawi 
2001). Further annealing at temperatures above 2500 to 2700'C makes the diamond 
an irregular type IaA/B diamond: platelets are destroyed (Evans and Rainey 1975, 
Evans and Qi 1982, Evans et aL 1995). This upsets the relation between B defect 
concentration and the integrated platelet absorption in the FTIR spectra of type la 
diamonds (Evans et aL 1995). The temperature at which this process occurs is 
dependent on the pressure, the lower end of the annealing temperature when the 
diamond is in the graphite stable region and the higher end of the temperature interval 
when the diamond is annealed in the diamond stable region of the carbon phase 
diagram (Evans 1995). Other structural changes are also detectable when the 
diamond becomes irregular: platelets convert into dislocation loops and voidites 
(Evans et aL 1995, Kiflawi and Bruley 2000). 
Almost all natural Cape colour diamonds are regular, while a lot of fancy coloured 
diamonds are irregular or have additional absorption peaks (De Weerdt and Van 
Royen 200 1). 
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Defects can also dissociate during the HPHT annealing: A defects will dissociate and 
split up into two C defects (Brozel et aL 1978) with an activation energy of 7.3 ± 0.6 
eV (De Weerdt and Collins 2003, see also chapter 5), in agreement with the 
calculations of Mainwood (1994). 
Other defects are detectable in the UV-VIS-NIR spectrum of HPHT annealed brown 
type Ia diamond. The most prominent are H3 and H4 defects. The dissociation of A 
defects into C defects will lead to the creation of N-V defects and their negatively 
charged counterparts: the (N-V)' and negatively charged H3 defects (the H2 defects). 
In some cases when a large concentration of C defects (a few ppm) is created, aC 
defect absorption spectrum can be detected by FTIR spectroscopy. 
In chapter six, a detailed account will also be given of the stability of A, H3 and H4 
defects, in HPHT annealed brown type Ia diamonds. 
1.9.3.3. Defects in type Ia brown diamonds 
A number of optical and EPR defects are very specific for brown type Ia diamonds. 
All these defects are thought to be related to plastic defonnation. 
In photoluminescence and cathodoluminescence spectra of a large number of brown 
type Ia diamonds, a defect can be seen with a ZPL at 490.7 nm (Collins et al. 2000). 
This defect is associated with plastic deformation of the diamond lattice as it can be 
produced by indentation (Brookes et al. 1993); CL studies have shown that the 
luminescence is polarized with the E vector along the slip line (Collins and Woods 
1982). This defect is strongly reduced or removed upon HPHT annealing (Collins et 
aL 2000, De Weerdt 2001). From examinations of CL images (Kaneko and Lang 
1993), it appears that luminescence of H3 defects is also pinned at the slip bands 
which cross different growth layers. 
Newton and Baker (1992a, 1992b) analysed EPR measurements of various nitrogen 
related defects in brown type la diamonds and suggested that some of these defects 
are formed during plastic deformation: the N4 and the W7. Both defects are di- 
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nitrogen defects and are not homogeneously distributed in the diamond. There is 
axial symmetry of the hyperfine parameters along a preferential (111) direction. The 
authors have speculated that the defect is formed by distortion of the A defect with a 
Burgers vector of a/42 in the (1-10) direction in the <111> plane, combined with 
ionisation of the defect. 
The origin of brown colour in diamond is unknown, but high-pressure experiments of 
Mao and Bell (1978) have indicated that tips of diamond anvils sometimes turn brown 
at a pressure close to 1.7 Mbar. This colouration is reversible as it disappears after 
release of the pressure. Flow deformation was observed on the diamond surface (Mao 
and Bell 1978). Research of Weidner et aL (1994) and Brookes et aL (1999) has 
indicated that plastic flow can be initiated at lower pressures when the temperature is 
increased or different slip systems can be activated at high temperature. 
1.9.4. Correlations between different absorption lines due to one defect 
A number of defects absorb light in the mid-infrared region and also in the UV-VIS 
spectrum of diamond. Defects can sometimes not be detected, because of overlap of 
the absorption band by absorption bands of other defects and in this case cross 
referencing between the strengths of the absorption peaks in different parts of the 
electromagnetic spectrum can be useful. In other cases different zero phonon lines of 
defects can almost coincide and the occurrence of associated peaks, for example due 
to the presence of higher excited states, will aid in the identification of the nature of 
the defect. Below we will give a number of examples of defects with absorption in 
different parts of the electromagnetic spectrum. 
1.9.4.1. The A defect 
The A defect in diamond not only absorbs light in the infrared spectrum, but also in 
the UV region. Sharp zero phonon lines can be detected at 330.0 mn, 317.8 mn, 315.7 
mn, 302.8 nin, 302.0 nin, 301.7 nin (Davies 1979) (figure 1.38). 
These diamonds also display n-type photo-conductivity with an ionisation energy of 
4.04 eV (Denham 1967). The very strong absorption at energies above -4 eV is 
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Figure 1.38. The secondary absorption edge in type laA diamond. The zero 
phonon lines at 302.8,302 and 301.7 nm are not resolved. The sample is cooled to 
liquid nitrogen temperature. 
1.9.4.2. The C defect 
0 
The C defect in diamond absorbs light in the visible region and also in the UV region 
of the electromagnetic spectrum (figure 1.38). The C defect is a deep donor (1.7 eV) 
(Farrer and Vermeulen 1972) and absorption of light with energy larger than 1.7 eV 
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Figure 1.39. The UV-VIS absorption spectrum of a type lb diamond. 
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The broad absorption band, centred at 270 rim (4.590 eV) (figure 1.39), was used by 
Sumiya and Satoh (1996) to estimate the concentration of single substitutional 
nitrogen in nitrogen gettered synthetic diamonds with C defect concentrations in the 
order of 100 ppb. Sumiya and Satoh (1996) derived a proportionality coefficient of 
0.56 between the absorption coefficient at 270 rim. and the concentration of C defects. 
This absorption band at 270 nm is not always detectable in HPHT annealed natural 




Luminescence spectra of defects specific 
to brown type la diamonds. 
2.1. Introduction 
2.1.1. ChaDter outline 
This chapter deals with the characterisation of two defects, frequently and exclusively 
encountered in brown type Ia diamonds. Both defects are destroyed during HPHT 
annealing (Collins et aL 2000). The first defect causes a broad vibronic band in the 
PL spectrum with a maximum near 1.75 eV (- 710 nm), and we will show this is 
caused by strong electron-phonon coupling. The second defect is the so-called 490.7 
mn defect because of its ZPL position in the UVNIS spectrum. The defect is thought 
to correlate with slip planes in plastically deformed diamond (Collins and Woods 
1982). 
2.1.2. Broad band luminescence 
The broad-band luminescence around 700 run can be encountered in type Ia diamonds 
and there is only scattered information and analysis about this in the literature (Collins 
and Mohammed 1982, Nazard el aL (1985a, 1985b), Pereira and Jorge 1987). In 
literature a number of diamonds with brown colour have been described with broad 
band absorption and luminescence, but with different absorption and luminescence 
spectra. These can be divided in roughly two types of brown diamonds. 
One group of diamonds exhibiting such luminescence also display broad-band 
absorption (figure 2.1, top spectrum), and nitrogen atoms are present in unaggregated 
and aggregated states, i. e. the diamonds are a mixture of type Ib and type la material 
(De Weerdt and Van Royen 2001). The resulting colour of these diamonds is orangy- 
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yellow to brown-yellow and they display yellow luminescence when illuminated with 
light in the 340 - 460 nm region, and red luminescence when illuminated with light in 
the 440 - 540 nm region (Collins and Mohammed 1982). These diamonds were 
described by De Weerdt and Van Royen (2001) as Canary colour and were also 
studied by Collins and Mohammed (1982), Nazard et aL (1985a, 1985b) and Pereira 
and Jorge (1987). These diamonds do not show evidence of strong plastic 
deformation when held between crossed polarizers. This type of diamond is not the 
subject of the research in this chapter. 
The second group of diamonds described in this chapter are brown and a typical 
example of the absorption spectra is illustrated in figure 2.1 (bottom spectrum); the 
origin of the colour is thought to be due to plastic deformation.. The colour of the 
diamond is due to a number of overlapping broad absorption bands, with increasing 
absorption at shorter wavelengths. The strain produced by the plastic deformation in 
samples of this second group is clearly visible when the diamonds are held between 
crossed polarizers. This group of diamonds is more common than the so-called 
yellow-brown types of diamonds of group one. 
2.8 
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Figure 2.1. The absorption spectra of a diamonds typical of the samples studied in 
this chapter (bottom spectrum) and yellow-brown samples (canary type) studied by 
De Weerdt and Van Royen (2001) (top spectrum). Spectra were recorded with the 
samples at liquid nitrogen temperature. 
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When excited with the 514.5 nm Ar-ion laser line, the luminescence spectra are 
dominated by a broad band with a maximum near 1.75 eV (- 710 nm). The exact 
position of the maximum is sample-dependent, suggesting that the luminescence band 
consists of at least two sub-bands. We will show that the spectrum can be 
decomposed into two or possibly more broad bands, one of which shows temperature- 
dependent structure on the high-energy side. From an analysis of this structure we 
have determined the Huang-Rhys factor and the one-phonon density of states for the 
defect giving rise to the luminescence. The low frequencies (17 meV and 44 meV) 
determined in the density of states spectrum suggest that a heavy impurity atom may 
be involved, but none has been detected above the detection limit of the X-ray 
fluorescence (XRF) techniques applied. 
2.1.3. The 490.7 mn defect 
Another defect frequently encountered in natural brown type Ia diamonds and related 
to strong plastic deformation has a zero phonon line at 490.7 mn (see chapter 1, 
section 1.8.3.4. ). The defect is easily detectable, showing intense 
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Figure 2.2. The absorption spectrum of a type IaB diamond with a detectable 
490.7 nm defect at the edge of the broad band centred at 560 nm. The spectrum 
was recorded with the diamond at liquid nitrogen temperature. 
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2.2. Experimental 
A Renishaw RM 2000 instrument was employed for the luminescence experiments, 
using excitation by the 5 14.5 nin line of an Ar-ion laser or with the 325 = line of a 
HeCd laser. Suitable neutral density filters were used when the luminescence intensity 
was above the linear response region of the CCD detector. The samples were cooled 
in a MicrostatN cryostat, allowing measurements to be made, in principle, at 
temperatures between 77 and 500 K. However, dilatation of the copper sample holder 
above 180 to 200 K is too large to ensure reproducible positioning of the sample. The 
inhomogeneity of defects in the samples, combined with this large dilatation, gives a 
non-reproducible variation in the intensities of the spectra at temperatures above 
200 K. This problem was circumvented by marking the samples with a cross, laser 
inscribed on the surface of the diamond. The lines of this marker were approximately 
I gni thick, allowing repositioning of the samples with an error of less than 2 ýLm. 
The sampled region is an ellipse with dimensions of approximately 100 [Ini x 150 ýIm. 
By this method, measurements can be performed at different temperatures up to 
250 K. 
Absorption measurements were carried out with a Varian Cary 100 UV-VIS 
absorption spectrometer, equipped with a home made cryostat. XRF measurements 
were carried out with an Oxford Instruments ED2000 system. 
Four out of ten samples were clear type Ia diamonds from the Argyle production in 
Western Australia, with various concentrations of A and B defects. We have 
confirmed that the broad-band luminescence is not present in type Ila diamonds or 
type IaA diamonds. 
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2.3. Results and discussion 
2.3.1. Broad band luminescence 
2.3.1.1. Photoluminescence data 
Figure 2.3 (experimental spectrum) shows a typical luminescence spectrum of a 
brown type Ia diamond when excited by a 325 rim laser and with the sample at 77 K. 
The broad-band luminescence in this case is masked by the vibronic luminescence 
side bands of the H3 and N3 defects. However, the broad band luminescence can be 
visualised (figure 2.3, corrected spectrum) by subtraction of a spectrum, with suitable 
intensities for the H3 and N3 components. When using excitation at 514.5 nin (figure 
2.4), the broad-band luminescence is not masked by the luminescence of nitrogen- 
vacancy centres like H3, H4 and N3. From the spectra, obtained from two different 
diamonds, it is apparent that the position of the maximum intensity and the width of 
the broad band are sample-dependent. This suggests that there are at least two bands 
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Figure 2.3. The PL spectrum of a brown type Ia diamond (broken curve), excited 
at 325 nm. The broad bands present in the spectrum can be visualised by 
subtracting a spectrum, with suitable intensities for the H3 and N3 components, to 
give the full curve. The weak peaks in this resulting spectrum are due to the 
presence of H4, with residual H3 and N3. There are clearly two broad bands, 
centred at approximately 1.75 eV and another at approximately 2.3 9 eV. 
127 
The upper spectrum in figure 2.4 consists of a broad band, with a maximum near 1.75 
eV (- 710 nm) together with weak peaks on the high energy side of the band starting 
at 2.034 eV (609 nm). Additional sharp lines are detectable. The well-known H3 
defect is formed when a vacancy is trapped at the A form of nitrogen to produce the 
N-V-N structure. The zero-phonon line (ZPL) is on the high-energy side of the laser 
line, and the luminescence results from a sub-threshold excitation mechanism 
(lakoubovskii 2001, De Weerdt and Collins 2005). The mechanism of sub-threshold 
excitation will be described in chapter three. The emission lines at 2.152 eV (576 nm) 
and 2.313 eV (536 run) have been observed previously in some natural brown 
diamonds, and can also be produced in diamonds containing nitrogen mainly in the B 
form by radiation damage and annealing at high temperature (typically 1600 'C) 
(Collins 2001, Collins et al. 2005). We will show in the present investigation that the 
intensities of these two lines are unrelated to the intensities of the peaks between 







Figure 2.4. The PL spectra of two ditterent brown type la diamonds, excited at 
514.5 nm. There is a clear sample-dependent position of the maximum and the 
width of the broad band near 1.75 eV. 
Even using excitation at 514.5 nin (figure 2.4), the broad-band luminescence cannot 
be analysed without subtracting the background caused by the side bands of the 2.152 
(576 rim), 2.313 (536 run) and 2.463 eV (M) luminescence spectra. The shape of this 
background was determined by using a spectrum containing only the 2.152 (576 rim) 
and 2.313 eV (536 nm) lines (figure 2.5a) and a second spectrum, containing only the 
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2.463 eV (1-13) spectrum (figure 2.5b). These two spectra were used in a least squares 
fitting routine to make the spectral region between 2.05 (605 nm) and 2.45 eV (506 
nm) as close to zero as possible (figure 2.6). In a number of cases, the peak at 2.152 
eV (576 mn) was positive and in other cases it was negative, without significantly 
altering the background of the corrected broad band luminescence spectrum. This 
indicates that the intensity of the side band of the 2.152 eV (576 nm) defect is small, 
and does not change the shape of the broad band in the corrected spectrum. 
Furthermore, the small linewidth of the 2.152 eV (576 nm) and 2.313 (536 run) lines 
suggest a very small Huang-Rhys coupling and consequently a weak side band, which 
should have negligible influence on the emission spectrum of the broad band at 1.75 
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Figure 2.5. The PL spectrum with sharp peaks at 2.152 eV (576 nm) and 2.313 eV 
(536 nm) (figure 2.5a) which is used in combination with a spectrum of the H3 
defect (figure 2.5b) for a least squares decomposition of the background leading up 
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Figure 2.6. The luminescence spectrum after subtraction of the background caused 
by the side bands of the emission lines at 2.152 eV (576 nm) and 2.313 eV (536 
nm) and the H3 defect. In a number of cases a weak peak at 2.152 eV (576 nm) 
remained present after the subtraction, sometimes in the positive and sometimes in 
the negative sense, without significantly altering the background at energies below 
2.152 eV (576 nm). 
Sample no. 1(2.008 eV)/1(2.034 eV) 1(1.978 eV)/I(2.034 eV) 
1 2.72 ± 0.21 4.70 ± 0.32 
2 2.52 ± 0.30 4.90 ± 0.32 
3 2.48 ± 0.22 4.72 ± 0.33 
4 2.43 ± 0.22 4.70 ± 0.33 
Table 2.1. The ratios of the integrated intensities of the 2.008 eV (617 mn) and the 
1.978 eV (626 nm) peaks with respect to the integrated intensity of the 2.034 eV 
(609 nm) peak. 
As noted above, a number of peaks are observed on the high energy side of the broad 
band at 2.034 eV (609 run), 2.008 eV (617 rim), 1.978 eV (626 rim), 1.949 eV (636 
nm) and 1.920 eV (646 rim). Weaker structure can also be observed at even lower 
energies. Some of the former features appear to be correlated in intensity. Using 
Grams/32 and Origin software, each of these peaks was fitted with a Lorentzian 
function, together with a quadratic baseline correction to account for the underlying 
part of the background from the broad band. The ratios of the integrated intensities of 
the peaks at 2.008 eV (617 mn) and 1.978 eV (626 nm) were calculated with respect 
to the 2.034 eV (609 rim) peak. These ratios shown in table 2.1 and figure 2.7. appear 
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to be constant for 4 different samples so they are correlated in strength and this 
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Figure 2.7. Integrated intensities of (a) the 2.008 eV (617 run) peak and (b) the 
1.978 eV (626 nm) peak versus that of the 2.034 eV (609 nm) peak. The lines are 
least squares fits to the equation y= ax. (This is justified since fits to y= ax +b 
gave values of b which were 3 times smaller than the uncertainties in b. ) 
The integrated intensity of the 2.034 eV (609 run) peak was calculated from spectra 
recorded at different temperatures, and increases with increasing temperature. This 
indicates that the 2.034 eV (609 mn) line is not a zero-phonon line, since the 
integrated intensity of a ZPL decreases with temperature because the transition 
probabilities shift in the higher vibronic states (Davies 1981a). From the Arrhenius 
plot of the data (figure 2.8) an activation energy of 18 ± 1.6 meV can be calculated. 
We conclude that these correlated peaks on the high energy side of the broad band are 
part of a vibronic band, and we have determined the one-phonon density of states, and 
the Huang-Rhys factor S, by fitting a calculated vibronic band to the experimental 
broad band. The vibronic band is calculated by the procedure described in chapter 1, 
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section 1.2. The structure can be fitted with S=8.0 ± 0.5 and a one-phonon density 
of states with 2 maxima at 17 and 44 meV (figure 2.9). Because of the strong 
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Figure 2.8. The Arrhenius plot of the integrated intensity of the 2.034 eV peak in Zý 
the temperature range 77 to 160 K. Measurements at higher temperatures are not 
possible because of strong broadening of the peak, making it impossible to 
discriminate the peak from the background. From the linear fitting of the data, an 
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Figure 2.9. The calculated vibronic broad band (red curve) compared with the 
experimental curve. The calculated spectrum does not fit perfectly to the 
experimental spectrum, partly because the calculated spectrum was fitted to 
spectra from four different samples. The inset shows the calculated one-phonon 
spectrum. 
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We infer that the peak at 2.304 eV (609 rim) is the first maximum of the one-phonon 
replica in the vibronic band and will be 17 meV from the ZPL. This energy 
separation between the ZPL and the first one-phonon maximum, nicely correlates 
with the 18 ± 1.6 meV activation energy for the increase of the 2.034 eV (609 rim) 
peak. 
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Figure 2.10. The difference (full curve) between the experimental spectrum and 
the calculated spectrum (broken curve). The reconstructed spectrum has been 
calculated up to the twelfth phonon replica. The small oscillations in the full curve 
are due to differences between the calculated and experimental curves. 
After subtraction of the calculated vibronic spectrum from the experimental spectrum, 
one can detect a second broad band. Analyses of four different diamonds show that 
the intensity of this second band is uncorrelated with the first, calculated, band and 
has a fixed maximum (1.68 eV or 737 rim) and width (- 0.19 eV) (figure 2.10 and 
2.11). After subtraction of the calculated band from the experimental spectrum, the 
shape of the residual is almost the same. Figure 2.11 shows the residual of the broad 
bands, which have been rescaled to the same maximum intensity. 
The calculated spectrum will be called band I and the other band will be called band 
2. The weak, oscillating structure on the high energy side of band 2 is due to 
discrepancies between the experimental and calculated spectrum. These differences 
arise, in part, from the fact that the calculated band was optimised to fit to more than 
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Figure 2.11. The PL spectra of the four samples after subtraction of the calculated 
broad band and rescaled to subtract the most suitable calculated spectrum. The 
residual bands have been rescaled to the same maximum intensity. 
The procedure adopted here is not rigorously correct, because the spectra have not 
been corrected for the optical transfer function of the luminescence spectrometer. The 
analysis is only strictly valid if the data are plotted as photons per unit energy interval 
versus energy (Collins and Mohammed 1982). Over the small energy interval used to 
determine S, and the one-phonon density of states, this will be approximately true, but 
over the wider energy range covered by the whole band some discrepancy between 
the calculated and measured spectra is not surprising. 
2.3.1.2. X-Rayfluorescence data 
The X-ray fluorescence measurements were carried out using two different methods. 
One method is optimised for atomic impurities with high nuclear mass like tungsten, 
lead, etc., and the other method is optimised for detection of atomic impurities of 
lower nuclear mass like nickel, iron and cobalt. None of the measurements indicated 
the presence of impurities with a concentration greater than the limiting sensitivity of 
the instrument (0.1 to 1.0 ppm). 
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2.3.2. The 490.7 nm defect 
2.3.2.1. Photoluminescence data 
Five samples with strong 490.7 mn emission and relatively weak luminescence due to 
other defects were used in this study. Typical PL spectra, excited with the HeCd laser 
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Figure 2.12. A typical photoluminescence spectrum of a brown type Ia diamond 
with strong 490.7 nm emission and weak luminescence due to other defects (full 
curve). The broken curve is the same spectrum with suitable N3 background 
subtraction. 
Again the one-phonon spectrum was calculated by the procedure described in chapter 
1, section 1.2. The calculated spectrum can be fitted to the experimental spectrum 
with a one-phonon spectrum with maxima at 153.8 and 89.6, two shoulders at 122 
and 62 meV and a Huang-Rhys factor of 2.8 (figure 2.13), in good agreement with 
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Figure 2.13. The experimental and calculated side band spectrum of the 490.7 nm 
defect. The arrow indicates the region of the removed ZPL. The two additional 
peaks at 2.31 eV (536 nm) and 2.15 eV (576 nm) are different defects. The inset 
shows the one-phonon density of states as a function of the energy difference 
between the zero phonon line and the phonon interacting with the defect. 
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Figure 2.14. The decomposition of a PL spectrum into a spectrum of H'), H4 and 
490.7 nm defects. The peak at 2.3) 1 eV is due to a different defect 
The rigidity of the adopted procedure and the correctness of the calculated spectrum is 
verified by decomposing the spectra of all samples into a sum of H3, H4 and 
calculated side band of the 490.7 rim. defect spectra by a least squares fitting 
procedure (figure 2.14). All spectra could be fitted by this procedure and the factor 
used to scale the calculated 490.7 nm defect side band spectrum in this fitting 
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Figure 2.15. The correlation between the scaling factor and the integrated intensity 
of the 490.7 nm ZPL. 
2.3.2.2. Temperature behaviour of the ZPL 
The temperature behaviour of the ZPL of the 490.7 mn defect shows a remarkable 
deviation from the theoretically predicted behaviour (figure 2.16). It is even different 
for all five samples. For some samples the maximum intensity is reached at 100 K, 
while for other samples, the maximwn intensity is reached at 140 K. The FWHM of 
the zero phonon line is also sample dependent (figure 2.17). 
The theoretical behaviour of the ZPL as function of temperature does not include 
defect-defect interaction and the sample dependent integrated intensity and FWHM of 
the zero phonon line suggests that the 490.7 mn defect strongly interacts with another 
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Figure 2.16. The temperature behaviour of 5 different samples (4 samples, and one 
measurement is on the same sample, but at a different location). The integrated 
intensity of the ZPL has been rescaled in a way that the value of the maximum of the 
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Figure 2.17. The FWHM of the 490.7 nm zero phonon line as function of 
temperature. 
4. Conclusion 
4.1. Broad band luminescence 
The broad band luminescence with a maximum at 1.75 eV (- 710 nm) observed in 
plastically deformed brown type Ia diamonds is composed of two broad bands 
A 
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superimposed on each other. Band I has peaks at 2.034 eV (609 nm), 2.008 eV (617 
mn), 1.978 eV (626 mn), 1.949 eV (636 mn) and 1.920 eV (646 nm). 
The structure of band I was analysed in the theoretical framework of linear electron- 
phonon coupling and it is concluded that the band arises from a transition at a defect 
with an relatively high Huang-Rhys factor of S=8.0 ± 0.5. The one-phonon density 
of states for the defect has maxima at 17 meV and 44 meV. 
The maximum of band 2 is at 1.68 eV and the width is - 0.19 eV. It is possible that 
this band consists of more than one component. 
A coupling to low energy phonons would be typical for impurities with high atomic 
mass with respect to carbon; however, no significant concentrations of impurities 
could be detected in the samples. 'Me observation that the luminescence bands 
studied are observed in natural brown, plastically deformed, type Ia diamonds 
containing predominantly nitrogen in the form of B aggregates leads us to conclude 
that the optical transitions occur at defects which involve the B-form. of nitrogen, 
perhaps in combination with an intrinsic impurity (vacancy or carbon interstitial) or a 
structural defect. 
2.4.2. The 490.7 mn defect 
The 490.7 mn defect is frequently detected in brown type Ia diamonds, and is thought 
to originate from decorated slip bands in plastically deformed diamonds (Collins and 
Woods 1982). The temperature behaviour of the ZPL of the defect is atypical, and 
deviates from the predicted behaviour for linear-electron phonon coupling. The 
sample dependent integrated intensity and the FWHM behaviour of the ZPL line of 
defect suggests a strong interaction with another defect or these phenomena may be 




Sub-threshold excitation of 
luminescence of defects in diamond 
3.1. Introduction 
The work reported here has been carried out to understand the mechanism by which 
optical centres in diamond can be excited with photons having a lower energy than 
that of the zero-phonon line (ZPL). We refer to this process as "sub-threshold 
excitation". Previous work has shown that luminescence can be observed from the 
3H, H3, H4 and TR12 centres with sub-threshold excitation (lakoubovskii 2001, 
Vlasov 2001). Each of these optical centres has a sharp ZPL with a vibronic 
absorption band to higher energies, and a vibronic luminescence band to lower 
energies. 
A possible explanation for the observed phenomenon has been given by Iakoubovskii 
(2001), who suggested that the photons ionise the negatively charged counterpart of 
the centre, which then converts into an excited neutral centre. In that model, the 
subsequent de-excitation of the neutral centre gives rise to the observed 
photoluminescence. Vlasov (2001), on the other hand, argued that the process is 
thermally activated, although his result showed a deviation from Arrhenius behaviour 
at low temperatures (Vlasov 2001). 
In our more extensive investigations on the H3, H4, (N-V)- and 3H centres we 
confirm that the thermally-activated mechanism is the correct interpretation. For 
these defects the electronic ground and excited states are non-degenerate and can 
couple to the lattice by linear electron-phonon coupling. The strength of the electron- 
phonon coupling is characterised by the Huang-Rhys factor S. For a given centre, the 
zero-phonon transition probability PZPL(T) at temperature T is determined by the 
Huang-Rhys factor and the one-phonon density of states, and, in all cases, increases at 
lower temperatures (Davies 1974,1981). 
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A schematic representation of the proposed sub-threshold excitation process is given 
in figure 3.1. The excitation occurs from thermally populated levels in the phonon 
density of states associated with the ground state. If E is the difference between the 
zero-phonon energy and the energy of the exciting light (2.409 eV in this case), the 
excitation requires the absorption of one or more phonons having a total energy of 
ho) = E. 
E (eV) 
2.463 eV excited state A 
2.409 eV 
gound state +h (o 
0 eV gound state 
Figure 3.1. Schematic representation of the model for the sub-threshold excitation. 
Excitation is from a state which lies at energy hco, equal to the energy difference 
between the zero-phonon line transition and the energy of the Af" laser photons (2.409 
eV). 
If we assume a Boltzmann distribution for the population of the phonon states then the 
probability of absorbing one phonon of energy E will be given approximately by 
Cl g(E) exp[-E/(kBT)l (3.1.1), 
where g(E) is the phonon density of states and kB is the Boltzmann constant. 
Similarly, the probability of absorbing two phonons, with energies El and E2, and 
with El + E2 = E, is 
C2 g(EI) exp[-E, /(kBT)l gM2) exp[-E2/(kBT)l -"ý C2 g(EI) g(E2) exp[-E/(kBT)] (3.1.2). 
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The constants C, and C2 describe the relative probabilities of the one- and two- 
phonon processes and E is the sum of El and E2. Transitions involving the absorption 
of three or more phonons are also possible. Once the centre has been excited, then, 
provided there are no non-radiative recombination paths, we expect the intensity of 
the luminescence, following relaxation to the ground state, to be given by 
I(E, T) oc G(E) exp[-E/(kBT)] PZPL(T) (3.1.3). 
Here G(E) represents the appropriate combination of multi-phonon processes, and 
will be discussed further in section 3.3.3. 
There are two ways in which this model can be verified. Using a fixed-wavelength 
laser to excite the luminescence, and varying the temperature, should give a variation 
in the intensity of the luminescence proportional to exp[-E/(kBT)] PZPL(T). 
Alternatively, using a tuneable laser, with the specimen at constant temperature, 
measuring the integrated intensity of the ZPL at different excitation wavelengths 
should map out the multi-phonon function G(E) multiplied by exp[-E/(kBT)] 
3.2. Experimental 
Measurements have been made on 11 different diamonds, initially selected using 
absorption and/or luminescence spectroscopy. Important characteristics of these 
specimens are surnmarised in table 3.1. 
3.2.1. Svecimen details 
Five samples with relatively strong H3 absorption were studied. One (sample 0337) 
was an irradiated and annealed specimen for which the details of the irradiation and 
heat-treatment are unknown. Another (sample 2b) was a brown type Ia diamond that 
had been colour-enhanced using annealing for 20 h at high temperature (1900 'C) and 
high pressure (7 GPa). Samples Wla and HRDI are brown type Ia samples with 
naturally-occurring H3 defects. 
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Three type Ia samples (Sample 1, sample 3, sample 10), with different concentrations 
of nitrogen in the A and B aggregate forms, were irradiated and annealed at 800'C for 
2 h, producing H3 and H4 centres. Samples I and 3 had been irradiated with 8-MeV 
electrons, and Sample 10 with 4-MeV electrons. See chapter four for more details. 
Sample name Defect creation Defect studied by sub- 
threshold excitation 
0337 Irradiation and annealing H3 
Conditions: Unknown 
Wla Naturally occurring 
HRDI Naturally occurring 
H3 
H3 
2b HPHT annealing of a brown type Ia diamond H3 
Conditions: 1900*C, 7 GPa, 20 h 
R1 Naturally occurring 3H 
(2 measurements) 
H4-1 Irradiation and annealing H4 
(3 measurements) Conditions: 2 MeV e- + 800'C (2 h) 
Sample I Irradiation and annealing H3 and H4 
Conditions: 8 MeV e- + 800'C (2 h) 
Sample 3 Irradiation and annealing H3 and H4 
Conditions: 8 MeV e- + 800'C (2 h) 
Sample 10 Irradiation and annealing H3 and H4 
Conditions: 4 MeV + 800'C (2 h) 
Edul Naturally occurring 3H and H4 
Type Ib sample Irradiation and annealing 
Conditions: 2 MeV e- + 800'C (2 h) 
Table 3.1. Details of diamonds used in this investigation. 
Diamond R1 was a type Ia specimen with naturally occurring 3H centres present. 
Diamond Edul, exhibited naturally-occurring luminescence from the 3H and H4 
centres, and diamond H4-1 was a type IaB specimen that had been irradiated with 
2-MeV electrons and annealed at 800 'C for 2 hours to produce H4 centres. Because 
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only one specimen of each of these three examples of diamond was available, 
measurements were taken at more than one location on each diamond's surface. 
Nitrogen-vacancy centres, (N-V)-, were produced by 2-MeV electron irradiation and 
annealing for 2h at 800 'C in a low-nitrogen diamond grown by high-pressure, high- 
temperature synthesis. 
3.2.2. Photolurninescence as a function of temr)erature 
For almost all the sub-threshold measurements a Renishaw RM 2000 system is used. 
For the measurements where the laser wavelength is varied, a XY Dilor Raman 
spectrometer setup is used. See chapter 1, section 1.5.1. for a detailed description of 
the apparatus. 
3.2.3. Photoluminescence as a function of exciting engM 
The instruments are described in chapter 1, section 1.5.1. and additional procedures 
are as follows: the diamond sample was placed on a cold stage at a temperature of 150 
K in a constant flow of dry nitrogen, held at a pressure slightly above atmospheric to 
eliminate water vapour and keep the sample surface free of ice. Indium was used to 
mount the sample and this was then bonded to the cooling element, ensuring good 
thermal contact. The indium was also moulded to mask the diamond, and select a 
reasonably homogenous region. 
The temperature chosen (150 K) was sufficiently low that there was only a small 
amount of thermal broadening of the ZPL of the (N-V)- centre, but also sufficiently 
high that the luminescence intensity did not decrease too rapidly with increasing 
energy separation between the ZPL and the laser line (see equation 3.1.1). The 
temperature was stabilised for twenty minutes before measurements were taken; the 
temperature stability was estimated to be better than ±IK. 
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3.3. Results and discussion 
All the results presented involve measuring the integrated area of the zero-phonon 
line. For each defect, the ZPL was least-squares-fitted with Lorentzian curve and a 
suitable quadratic background was subtracted. 
3.3.1. Measurement of the transition probgbility 
The integrated areas of the H3, H4 and 3H zero-phonon lines were measured as a 
function of temperature from 77 to 240 K, using excitation at 325 run. Data for the H3 
and H4 ZPLs, together with the calculated curve for the H3 transition probability, are 
shown in figure 3.2. 
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Figure 3.2. Intensities of the H3 and H4 zero-phonon lines, recorded in 
luminescence, using excitation at 325 nm. The solid line is the calculated transition 
probability of the H3 centre as a function of temperature. The amplitudes of the H3 
and H4 ZPLs have been resealed to the same amplitude as that of the calculated 
curve at 77 K. 
The calculated curve is given by equation 1.2.10 of chapter one (Davies 198 1 a). Two 
modes were taken into account, one at 41 meV and one at 152 meV, together with a 
Huang-Rhys factor of S=3 (Davies 198 1 a, Zaitsev 200 1). 
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A curve was also calculated for the H4 ZPL, using two modes at 40 meV and 
154 meV, with S=3 (Davies 1981 a, Zaitsev 2001). Not surprisingly, because of the 
similarity of the parameters used, this curve was almost indistinguishable from that 
for the H3 centre. In both cases the experimental data in figure 3.2 diverge somewhat 
from the calculated curves at higher temperature. 
Data in figure 3.2 for the H3 ZPL were obtained from a type IaA diamond in which 
[H3] >> [H4] and data for the H4 ZPL were obtained from a type IaB diamond in 
which [H4] >> [H3]. Here the quantities in square brackets indicate the concentrations 
of the corresponding defect. However, very similar data were obtained from type 
IaA/B diamonds containing similar concentrations of H3 and H4 centres. 
The transition probability for luminescence from the 3H centre was calculated with a 
single mode in the one-phonon spectrum at 67 meV and a Huang-Rhys factor S-0.8 
(Zaitsev 2001). However, as shown in figure 3.3, the experimental data from sample 
R1 do not follow the calculated curve well, indicating the presence of non-radiative 
decay channels. For that reason the experimentally-measured transition probabilities 
were used to correct the sub-threshold data for the 3H centre. 
3.3.2. Sub-threshold excitation as a function of temverature 
3.3.2.1. Diamonds containing one type of defect excited hy suh-threshold excitation 
Figure 3.4 shows the logarithm of the integrated area of the H3 zero-phonon line, 
plotted against the reciprocal of temperature, using excitation at 514.5 mn. Similar 
data were obtained from all the diamonds in which the H3 centre was the dominant 
defect. The lower plot shows the data without being corrected for the transition 
probability. A line to guide the eye has been drawn through the points at low 
temperature, and the data points at high temperature clearly diverge from this line. 
When the data points are corrected for the transition probability, as in the upper plot, 
all the points lie on a straight line, as expected from equation 3.1.1, and the gradient 
of this line, -E/kB, gives an energy equal, within the experimental uncertainties, to the 
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Figure 3.3. The experimentally measured and calculated transition probabilities of the 
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Figure 3.4. Arrhenius plots of the integrated intensity of the H3 zero-phonon line, using 
sub-threshold excitation at 514.5 nm. Data in the lower plot are uncorrected for the 
change in transition probability with temperature; the line through the low-temperature 
points is a guide to the eye. Data in the upper plot are corrected; the line is the best fit to 
the data. 
Similar data were obtained from the diamond in which the H4 centre was the 
dominant defect, and for diamond RI in which the 3H centre was the major defect 
giving rise to luminescence in the vicinity of 2.46 eV. Figure 3.5 demonstrates that 
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the Arrhenius plot for the 3H centre is an excellent straight line, once the raw data 
have been corrected for the experimentally-measured transition probability. 
In each case the activation energies for the H3, H4 and 3H defects, summarised in 
table 3.2, are close to those expected. 
3.3.2.2. Diamonds containing more than one type of defect 
In diamonds exhibiting H3 and H4 luminescence with a comparable intensity (when 
excited at 325 run) the integrated intensities of the sub-threshold-excited ZPLs deviate 
from Arrhenius behaviour at higher temperatures. Figure 3.6(a) shows data for the H3 
centre in a diamond containing predominantly H3 centres and a diamond containing 
similar concentrations of H3 and H4 centres. Figure 3.6(b) shows a similar 
comparison for the H4 centre. For the diamond containing predominantly H4 centres 
the Arrhenius plot is linear up to at least 240 K, whereas, when H4 and H3 centres are 
present together, the data are not strictly exponential. Furthermore the gradient at 
lower temperatures is smaller than the gradient observed for diamonds containing 
only H4 centres. For specimens containing mainly H3 centres (figure 3.6(a)) the plot 
is linear up to at least 240 K (although the high-temperature data are not shown here) 
whereas, for a diamond containing both H3 and H4 centres the data deviate from a 
linear plot at high temperatures. This deviation is opposite in sign for the two defects; 
at high temperatures the H4 intensity always increases, while the H3 intensity always 
decreases, relative to the linear extrapolations of the low-temperature data. 
Interestingly, the Arrhenius plot of the ratio of the H3 and H4 integrated intensities is 
a good straight line, giving an activation energy which is close to the energy 
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Figure 3.5. Arrhenius plot of the integrated intensity of the 3H zero-phonon line, using 
sub-threshold excitation at 514.5 nm. The data have been corrected for the 





Energy difference between 
ZPL and excitation (meV) 
Activation energy 
(meV) 
2.463 (M) 5 53.9 55.8 4.6 
2.499 (H4) 3* 89.9 83.5 1.1 
2.462 (3H) 2* 52.9 55.0 4.5 
Three measurements at difterent locations on the same sample 
Two measurements at different locations on the same sample 
Table 3.2. Activation energies for sub-threshold-excited photoluminescence, compared 
with the differences between the exciting energy and that of the corresponding zero- 
phonon line. All values for the activation energies are the averages of the results for all 
the samples. 
However, when H4 and 3H centres are present together, there is no deviation from 
Arrhenius behaviour of either the H4 luminescence or the 3H luminescence. Figure 
3.8 shows plots for these two defects, present in the same diamond, and both sets of 
data lie on good straight lines. The results are summarised in table 3.3 which shows 
that the activation energies agree with the spectroscopic difference in energy between 
the laser line and the corresponding ZPL. 
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Figure 3.6. Arrhenius plots, using sub-threshold excitation at 514.5 mn, for the 
integrated intensity of (a) the H3 zero-phonon line, in a diamond containing 
predominantly H3 centres (triangles) and a diamond containing similar 
concentrations of H3 and H4 centres (squares); (b) the H4 zero-phonon line, in a 
diamond containing predominantly H4 centres (circles) and a diamond containing 
similar concentrations of H3 and H4 centres (squares). The lines in figures (a) and 
(b) for the data from the diamond containing both H3 and H4 defects are linear 
extrapolations of the low-temperature behaviour. In all cases the data have been 
corrected for the change in transition probability with temperature. 
A number of possible mechanisms have been considered to account for the behaviour 
observed when H3 and H4 centres are present in the same diamond. We consider first 
whether H4 PL can be reabsorbed and generate additional H3 luminescence with a 
temperature-dependence that would lead to the behaviour shown in figure 3.6. In a 
diamond containing similar concentrations of H3 and H4 centres, the relative 
intensities of the H4 and H3 emissions produced by sub-threshold excitation will be 
IH4 / IH3 - 0.01 at 90 K and - 0.1 at 180 K. (We assume here - see equation 3.1.1 - 
that gi(E) at 514.5 nin and PZPL(T) are similar for both centres. ) Only a small fraction 
of the H4 photons, in the energy range where the H4 luminescence band overlaps with 
the H3 absorption band, can potentially excite H3 luminescence. Furthermore, 
because of the confocal geometry used, only those H4 photons absorbed within the 
small volume of the diamond sampled by the microscope have any significance. 
Following absorption of H4 photons, it is only those H3 centres which emit in a 
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direction that can be collected by the numerical aperture of the microscope which will 
be detected. It is clear that the intensity of such a signal will be completely negligible 
compared with that from the H3 centres excited by sub-threshold illumination at 
514.5 mn. H3 absorption competing with the H4 absorption is not a possible 
explanation for the following reasons: (i) different relative concentrations of H3 and 
H4 defects cause deviations from Arrhenius behaviour in the same sense; (ii) in some 
specimens the absorption coefficients are very small; (iii) there is no deviation of 
Arrhenius behaviour in diamonds containing both the 3H and H4 defects. A possible 
explanation for the behaviour shown in figure 3.6 is that there is a thermally-activated 
energy exchange between the H4 and H3 centres, and the data in figure 3.7 are 
consistent with such a proposal. 
Defect combination Activation energy (meV) Activation energy (meV) 
from ratio plots 
H4 + H3 Not well-defined 31.0 ± 1.7 
H4 + 3H H4: 87.1 ± 0.5 ------------ 
3H: 54.8 ± 1.6 
Table 3.3. Results of the analysis on samples with more than one sub-threshold-excited 
defect. Three samples containing both H4 and H3 centres were measured; in each case the 
activation energies were ill-defined and only the average activation energy derived from 














Figure 3.7. Arrhenius plot of the ratio of the integrated intensities of the H3 and H4 zero- 
phonon lines, using sub-threshold excitation at 514.5 nm, in a diamond containing both 
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Figure 3.8. Arrhenius plots of (a) the H4 ZPL, (b) the 3H ZPL, corrected for the changes 
in the transition probabilities with temperature, in a diamond containing both defects. 
3.3.3. Sub-threshold excitation as a function of enerRv 
Equation 3.1.1 shows that, at constant temperature, following sub-threshold 
excitation, the intensity of the ZPL in photolurninescence should be proportional to 
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G(E) multiplied by exp[-AE/(kBT)]. G(E) here is the multi-phonon transition 
probability for the absorption of ground-state phonons. This can be derived from the 
photoluminescence vibronic band which is produced by the coupling between the 
electronic transition and ground-state phonons. 
If the one-phonon density of states II(v) is known, (where v is the frequency) the 
second 12(V), third IAV), ... phonon replicas can 
be calculated by convolution of the 
one-phonon spectrum with itself, then with 12(v), ... as in equation 3.1.3. 
W. 
f Iý (X)ln-I (v - x) dx 
0 
Here co,, is the cut-off frequency of the one-phonon spectrum (165 meV). 
The square of the integrated intensity of the I,, curve is proportional to 
jIn 12 
_ Sn e-S (3.3.2), 
n! 
where S is the Huang-Rhys factor and n is the index of the n"'-phonon replica. (Davies 
1981a). The sum of all the phonon replicas, with the appropriate amplitudes from 
equation 3.1.3, is equivalent to G(E). To obtain the shape of the photoluminescence 
vibronic band this function is multiplied by v3 (Davies 1981a). 
It follows that G(E) may be obtained from a PL spectrum, plotted as photons per unit 
energy interval, by dividing every point in the PL spectrum by v3. 
Figure 3.9 shows the intensity of the (N-V)- ZPL at 637 nm, divided by 
exp[-E/(kBT)], plotted against E at T= 150 K, where E is the energy separation 
between the ZPL and the laser line. The experimental points are compared with the 
photoluminescence vibronic band, measured at 150 K, divided by v3, and it can be 
seen that a tolerable agreement has been obtained. Unfortunately the sensitivity of this 
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Figure 3.9. The intensity of the 637 nm zero-phonon line observed in photoluminescence, 
divided by exp[-E/(kBT), (data points), following sub-threshold excitation, compared 
with the photoluminescence spectrum measured at 150 K, divided by V3 . The horizontal 
axis shows the energy from the position of the ZPL. The diamond was held at a 
temperature of 150 K. The error bars for the lowest energy data points increase 
significantly since the intensity of the (N-V)- signal decreases rapidly as the energy 
between the ZPL and the laser line increases. 
The PL spectrum used to calculate G(E) was not corrected for the response function 
of the spectroscopic equipment. Nevertheless, over the small energy range covered 
the shape of G(E) has been determined with sufficient accuracy for comparing with 
the data obtained using sub-threshold excitation. 
3.3.4. Higher excited states of the H3 defect 
The defect has a not only a zero phonon line at 2.463 eV (503.2 nm) but also 
transitions to higher excited states in the UV between 3.2 and 3.6 eV with a zero 
phonon line at -3.35 eV (370 nm) (see figure 3.10), the H13 line (Collins 1983). As a 
consequence the H3 defect can be efficiently excited by UV light: the absorbed 
photon will promote an electron from the ground state to the higher excited state from 
where it relaxes to its lowest excited state. The electron then de-excites by emission 
of a photon. Excitation of luminescence in this region also induces an extra emission 
line at 537 run and the line is the most intense when excited in cathodoluminescence. 
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The 537 run (2.308 eV) line is not detected when luminescence is excited with visible 
light (figure 3.11) or by the sub-threshold mechanism and line correlates in intensity 
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Figure 3.10. The UVNIS absorption spectrum of a brown type IaA/B diamond 
before HPHT annealing and after HPHT annealing. The H3 absorption before 
annealing is very low, and the H13 peak is undetectable. After annealing there is a 







Figure 3.11. The H3 defect excited with different lasers and laser lines. From top 
to bottom: H3 excited with 325 nm HeCd laser, 351 nm, 457 nm and 488 nrn laser 
line of an Argon-ion laser. The spectra are shifted for clarity and have not been 
corrected for instrument response or different laser power of each line. The 537 
nm, (2.308 eV) peak is not detected when the photon energy is below the higher 
excited state transition energy. 
iss 
The ZPL of the H3 defect almost coincides with a zero phonon line of two other 
defects: the 3H defect has a ZPL at 503.5 rim and the nickel related SI defect has a 
ZPL at 503.2 nm (Zaitsev 2001). However, all three defects have a very different 
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Figure 3.12. The correlation between the intensity of the 537 nin line and the 
intensity of the ZPL of the H3 defect. 
3.4. Conclusions 
Diamonds containing predominantly H3 or H4 centres, illuminated with a laser 
having an energy slightly less than that of the zero-phonon transition, exhibit 
luminescence due to sub-threshold excitation. Both types of centre show the same 
behaviour with temperature; the excitation process is thermally activated with an 
activation energy equal to the energy difference between the laser photons and the 
energy of the corresponding zero-phonon transition. The same phenomenon is also 
observed in diamonds containing 3H centres. This conclusion contrasts with that of 
Iakoubovskii et al (2001) who found that the intensity of the zero-phonon line for sub- 
threshold-excited H3 luminescence was almost temperature-independent. However, 
they made measurements only at 120 and 300 K, and did not correct the intensity of 
the luminescence for the large change in transition probability. 
In diamonds that contain similar concentrations of H3 and H4 centres the sub- 
threshold excitation of both defects shows a deviation from Arrhenius behaviour. 
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However, an Arrhenius plot of the ratio of the H3 and H4 integrated intensities, yields 
an activation energy which is close to the energy difference between the zero-phonon 
lines. This may indicate that there is a thermally-activated energy transfer between the 
H3 and H4 centres. 
The (N-V)- centre also exhibits sub-threshold excitation, and varying the excitation 
energy with the diamond at a fixed temperature maps out the phonon distribution 
derived from the PL spectrum, in further confirmation of the proposed model. 
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Chapter four 
IR properties of impurities in diamond 
4.1. Introduction 
There are two topics in this chapter: 
- The first part of this chapter investigates the properties of hydrogen related 
absorption in diamond. 
- The second part investigates the nature of the nitrogen A aggregate in diamond by 
isotopic substitution of 12 C by 13C. 
4.1.1. Hydrogen in diamond. 
As stated in the introduction, the two most common defects in diamond are nitrogen 
and hydrogen and both impurities have been detected in diamond in relatively high 
concentrations (> 1000 ppm). 
Sharp absorption lines at 1405 and 3107 cni-1 in the infrared absorption spectra of 
natural diamond were tentatively attributed to hydrogen by Charette (1961) and have 
subsequently been studied by several researchers. Recently the role of hydrogen in 
diamond has acquired a technological importance; it is frequently incorporated in 
diamond grown by chemical vapour deposition (CVD) and it can passivate boron 
acceptors in doped material (Chevallier et aL 1998, Zeisel el aL 1999, Uzan-Saguy et 
aL 2001). In the present investigation we have studied the absorption spectra 
associated with hydrogen, in diamond produced from 13 C by high-pressure, high- 
temperature (HPHT) synthesis, in order to obtain a better understanding of the defects 
involved. 
Runciman and Carter (1971) found that the absorption peaks at 1405 and 3107 cm-l' 
correlated in intensity, and assigned them, respectively, to the bending and stretching 
modes of either N-H or C-H bonds. Woods and Collins (1983) drew attention to a 
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very weak shoulder that is always present near the base of the 3107 cm-1 peak. A 
manual deconvolution of this feature showed that it had the correct position 
(3098 cm-1) and approximately the correct intensity (1.4 %) to be associated with the 
stretching of 13 C-H. In reaching this conclusion Woods and Collins assumed that the 
main peak was due to 12 C-H, and that the ratio of the vibration frequencies could be 
calculated by treating the C-H as an isolated diatomic molecule (the natural 
abundance of 13C is 1.1 %). 
When the intensity of the 3107 cni-1 peak is moderately high (- 10 cm-1), two 
additional minor features at 2786 and 3237 cm-1 are easily observed on either side of 
the main peak. The intensity of the 3107 cni-1 peak correlates reasonably well with 
that of the 2786 cm-1 peak (Davies et al. 1984) but there is no correlation with the 
3237 cm-1 peak (Woods and Collins 1983). Other, even weaker, peaks have been 
found which correlate with the main peaks, and are listed in table 4.1. These have 
been attributed (Davies et al. 1984, Fritsch et al. 1991) to overtones and combinations 
of the fundamental vibrational modes. The frequencies at which such peaks are 
observed are slightly lower than those given by the arithmetic sums of the 
fundamental frequencies because of slight anharmonicity in the vibrations (Davies et 
al. 1984). The combinations at 5555,5889 and 6070 cm-i were not detected by 
Davies et al. (1984), but can be seen (Fritsch et al. 1991) in specimens with very 
strong hydrogen-related absorption, using the more sensitive technique of Fourier 
transform infrared (FTIR) spectroscopy. We have confirmed in the present 
investigation, by comparing absorption spectra for three separate diamonds, that the 
peaks at 5889 and 6070 cm-1 are indeed correlated with the other peaks listed. 
However, we were not able to detect the peak at 5555 cm-i observed by Fritsch et al. 
(1991). 
Some diamonds, particularly those in which the H-related absorption is very strong, 
exhibit many additional peaks in the vicinity of the 3107 cm-1 peak. Woods and 
Collins (1983) show some of these, and attribute them to N-H vibrations. 
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Line position (cm-1) Relative peak height Assignment 
1405 400 hCOb 
2786 34 2hO)b 
3107 1000 hco, 
4169 4 3h(J)b 
4499 29 h(J)s + h(J)b 
5555 -0.1 4 hC0b 
5889 -0.6 hco, + 2hCOb 
6070 -1.2 2hco, 
Table 4.1. Positions, intensities and assignments of the hydrogen-related 
absorption peaks in natural diamond (Davies et aL 1984, Fritsch et aL 1991 and 
this work). The very weak component at 5555 cm-1 has been observed only by 
Fritsch et al. co, and (Ob are the of C-H bend and stretch vibrations modes 
respectively. 
Although the measurements of Woods and Collins appeared to be consistent with the 
interpretation that the 3107 cm-1 peak, and the correlated features listed in table 4.1, 
are due to C-H vibrations, they were unable to detect these absorption features in type 
Ila (nitrogen-free) diamonds, although the features were present in all but one of the 
50 type la diamonds they investigated. (Type Ia diamonds contain nitrogen in 
aggregated forms). Later Mendelssohn et al. (1986) obtained two-dimensional maps 
of the infrared absorption spectra from a polished slice of type Ia diamond that also 
exhibited strong hydrogen-related absorption. The distribution of nitrogen in the 
diamond they studied was very inhomogeneous, and the measurements showed that, 
although there was no one-to-one correlation, the intensity of the 3107 cm-1 peak 
varied in sympathy with the concentration of the A aggregate of nitrogen. 
Diamond grown by HPHT synthesis from a metal solvent-catalyst, at typically 
1400 'C may contain nitrogen in isolated substitutional positions at an average typical 
concentration of 200 ppm. No hydrogen-related absorption is observed in such 
specimens. However, if the diamonds are annealed at > 2100 'C, a substantial fraction 
of the nitrogen forms A aggregates, and in some cases hydrogen-related absorption is 
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also observed (Kiflawi et al. 1996). To maximise the amount of hydrogen-related 
absorption, Kiflawi et al. annealed their specimens at 2650 'C for 5 hours. For a 
diamond grown by HPHT synthesis the concentrations of nitrogen are very different 
in the different growth sectors, and vary within each growth sector, depending on the 
growth conditions. From a two-dimensional infrared absorption map of a hydrogen- 
containing specimen, Kiflawi el al. (1996) showed that the intensity of the 3107 cm-1 
peak correlated approximately with the concentration of the A aggregate of nitrogen. 
The origin of the hydrogen in these diamonds that exhibited this absorption was not 
known. 
Borzdov et al. (2002) showed that it is possible to grow diamonds by HPHT synthesis 
using Fe3N as the solvent-catalyst. Typical growth conditions use a temperature of 
1700 'C and a pressure of 7 GPa maintained for 20 hours. The use of a nitride results 
in a much higher nitrogen concentration (up to 3300 ppm) in the specimens, compared 
with the typical 200 ppm in commercial synthetic diamonds gown using a metal 
solvent-catalyst. The higher nitrogen concentration, combined with the high 
temperature and long growth time, results in most of the nitrogen being present in the 
form of A aggregates in the as-grown material. Furthermore, many of the specimens 
show the hydrogen-related absorption peaks at 1405 and 3107 cm-1. Measurements on 
different diamonds, from the same growth run, but containing different nitrogen 
concentrations, showed that the intensity of the 3107 cm-1 peak increased as the 
nitrogen concentration increased. The source of the hydrogen in these diamonds is 
assumed to be the Fe3N solvent-catalyst which itself was synthesised using NH3 gas 
(Borzdov et al. 2002). 
Kiflawi et al. (1996), faced with the apparent nitrogen-dependence of the 3107 cm-1 
peak, examined this feature in high-temperature-annealed synthetic diamonds doped 
with 15N, but found no shift of the peak. They therefore concluded that the absorption 
is not due to N-H centres. Instead they proposed that the conditions that produce the 
A aggregate of nitrogen also favour the formation of C-H centres. However, 
Chevallier et al. (2002) correctly point out that the absence of an isotope shift of the 
line does not disprove that the centre producing the line contains nitrogen. They give 
examples known in Si and GaP where changing the isotope of an impurity does not 
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result in a change of the vibrational frequency. They could also have drawn attention 
to the lack of an isotope shift of the sharp 1344 cm7l line in diamond. This absorption 
arises at a localised vibrational mode produced by the presence of single substitutional 
nitrogen, but shows no detectable shift in diamonds grown using 15N (Collins and 
Woods 1982b). Chevallier et aL therefore propose that the centre producing the 
3107 cm-1 absorption is a H-Coee N complex containing at least one nitrogen atom. 
Since the 3107 cm*1 system is only seen in type Ia diamonds, the H-COOO N complex 
would probably contain two or more nitrogen atoms. 
To date the only evidence that the 3107 cm-i peak is due to a C-H vibration comes 
from the work of Woods and Collins (1983), based on an extremely weak feature of 
relative intensity -I% at the base of the 3107 cm-1 peak and believed to be due to 
13C. In the present investigation we have therefore examined the hydrogen-related 
absorption in diamonds with a high nitrogen concentration grown from 13c. 
It has been demonstrated by nuclear techniques that there is no correlation between 
the total hydrogen content in diamond and the concentration of IR active hydrogen 
(Sweeney 1999, Field 1992). 
4.1.2. Vibrational t)ror)erties of the A defect in diamond. 
Theoretical calculations of Jones et aL (1992) and Briddon and Jones (1993) have 
shown different components in the calculated IR absorption spectrum of diamond. 
The calculated maxima in the absorption spectrum are at 543,1064,1182 and 1293 
cra" while the measured peaks are at 480,1093,1203 and 1282 cm" respectively. 
Some of the measured values coincide with maxima in the vibrational density of 
states, but the lowest one does not. The calculated maximum with the lowest 
wavenumber is at 543 cm", which is due to in phase N-N vibration, and is close to the 
experimentally observed maximum of 480 cm". However, from the difference in 
binding energy between the nitrogen-nitrogen or carbon-nitrogen bond compared with 
the carbon-carbon bond (see chapter 1, section 1.6) we would expect a larger shift 
(more than 125 cm*'). 
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Collins et aL (1987) measured infrared absorption spectra of synthetic HPHT 
annealed diamonds where virtually all the single nitrogen was aggregated. 
Approximately 65 to 70 % of the 14 N nitrogen was substituted by 15 N and the 1282 
cm'I peak of the A defect absorption shifted to lower wavenumbers by 7 cm'I. 
Jones et al. (1992) assigned the calculated absorption features at 543,1064,1182 and 
1293 cm" in the infrared spectrum of diamond to vibrations with the following 
character 
- The maximum at 543 cm" is due to in phase motion of nitrogen atoms along the 
high symmetry axis. The closest maximum in the IR spectrum of natural type IaA 
diamond is at 480 cm'I. 
- The maximum at 1064 cm" is due to vibrations of carbon atoms. The closest 
maximum in IR spectrum of natural type IaA diamond at 1094. 
A maximum at 1182 cm". This is a carbon - nitrogen vibration. The closest 
maximum in the IR spectrum of natural type IaA diamond is at 1212 cm'I. 
A maximum at 1293 cm-1 due to vibrations of carbon atoms. The closest 
maximum in the IR spectrum of natural type IaA diamond is at 1282 cni". 
Following Jones, Briddon and Oberg, this must mainly be due to carbon atoms; 
however Collins el aL (1987) clearly observed a relatively large shift of the 1282 
cm" peak in 15 N doped samples. 
To date there is no experimental data on the character of the vibrations connected to A 
defect absorption in diamond. 
4.2. Experimental 
All UV-VIS and NIR spectra were recorded at liquid nitrogen temperature with a 
Princeton Instruments diode array detector, fitted with a 300 g/mm grating and a 25 
ýtrn slit. This gives a spectral resolution of approximately 0.5 nm. IR spectra were 
recorded at room temperature with a Bio-Rad FTS-40 spectrophotometer in the range 
of 7000 to 400 cm" with a resolution of 4 cm". Rough and polished samples were 
measured with a DRIFT accessory. High resolution scans with I cm" resolution were 
recorded when C centres were suspected to be present. This enables us to estimate the 
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concentration of C ccntrcs from the 1344 cm" line when other features of the C 
centres are masked by the presence of A and B centres and/or platelets. 
To study the correlation with various nitrogen aggregates in diamond, the IR and UV- 
VIS spectra of approximately 60 type Ia diamonds have been recorded for this study. 
The nitrogen aggregate signature in the one-phonon region absorption spectrum is 
decomposed into the A, B, C and D components, by using the procedure described in 
chapter one. The integrated area of the 3107 cm" line is then calculated by first 
subtracting the underlying intrinsic diamond absorption spectrum and then fitting the 
line with a Lorentzian curve. 
To study the shift and splitting of the 3107 cm" line as function of the carbon 13 to 
carbon 12 isotope ratio, synthetic single crystal diamond was made by the HPHT 
method by Yuri Pal'yanov's research group in Novosibirsk (Russia). Amorphous 
carbon powder, isotopically enriched to 98 - 99 % 
13C, was placed into a Pt ampoule 
and partially graphitised by heating to 14001C under a pressure of 5 GPa, using a 
split-sphere-type multi-anvil apparatus or BARS press (Pal'yanov et aL 1997). This 
carbon powder was used as the source material to grow diamonds from a Fe3N 
solvent-catalyst, as described by Borzdov et aL (2002). The diamond growth time was 
20.5 h, with a pressure fixed at 7 GPa and a temperature of 1850 'C. A few 
spontaneously nucleated diamonds of sufficient size (approximately 100 ýLm across) 
and clarity to carry out infrared absorption measurements were recovered from the 
growth run. To study the shift of A defect absorption peaks, other diamonds were 
synthesized in the same system but in an iron-nickel solvent catalyst. 
Specimens were moulded in indium and placed at the focus of a5x beam condenser 
in a Bruker Equinox 55 FTIR spectrometer. Spectra were obtained at a resolution of 
0.5 cm-1 over the range 400 to 4750 cm-1. Closely spaced peaks were deconvoluted 
into Lorentzian sub-components using the Grams/32 software. Deconvolution is 
carried out using either a linear or a quadratic baseline correction; for a given peak the 
calculated intensities were the same for both backgrounds, within the experimental 
uncertainty. 
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Raman spectra were recorded with a Renishaw 2000 Raman spectrophotometer, with 
an uncertainty in the Raman shift of ±2 cm-1. The 514.5 mn line of an Ar-ion laser 
was used with the sample mounted in a near-normal backscattering geometry. 
Shifting of the Raman line due to laser-induced heating of the sample was prevented 
by mounting the sample on a copper heat sink. 
4.3. Results and discussion 
4.3.1. Correlation of the 3107 cm'l with nitroizen and nitrogen aggregates 
The results clearly show that the 3107 cm-1 line tends to increase when the total 
nitrogen concentration increases (figure 4.1. ). However, there is no one to one 
correspondence between the concentration of defects causing the 3107 cm-1 line and 
the total nitrogen concentration. The line is found in type Ia diamonds with a small 
concentration of C defects (Woods and Collins 1983); however, this study indicates 
that at least 20 % of the nitrogen must be present as A aggregates before the 3107 cm- 
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Figure 4.1. The nitrogen concentration vs. the calculated integrated area of the 
3107 cm-1 absorption line in the IR spectrum. There is an apparent correlation 
between the total nitrogen concentration and the integrated area of the 3107 crn" 
line, however there is no one to one correspondence. 
The fraction of A and B centres with respect to the total nitrogen concentration is also 
determined, and again there is no correlation between the integrated area of the 3107 
cm" line and the fraction of the A and B nitrogen aggregates (figures 4.2. a., 4.2. b. ). 
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The IR spectra of 20 natural type Ila diamonds and 10 natural type Ib diamonds were 
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Figure 4.2. The integrated area of the 3107 cm-1 line against the fraction of A 
centres (squares) and the fraction of the B centres (open circles) of the total 
nitrogen concentration. 
Spectroscopic investigation indicates that diamonds with predominantly A centres and 
very high concentrations of IR active hydrogen (absorption coefficient of the 3107 
cm" line in excess of 2 cm-) have similar UV-VIS and NIR absorption 
characteristics. This also holds for diamonds with high IR active hydrogen 
concentrations and with predominantly B centres in the IR spectrum and diamonds 
with A as well as B centres in the IR spectrum (see figures 4.3. a. -4.3. c. ). 
Diamonds with predominantly A centres may have absorption lines at 545,792,845, 
945,968,974 and 978 nm. Diamonds with A and B centres in the IR spectrum can 
display more lines: 545,563,618,630,656,672,687,792,824,945,942,968,974, 
978,990 and 998 mn and the 415 mn line. Diamonds with predominantly B centres 
display apart from the typical "Cape" absorption lines, an additional set of absorption 
lines at 545,564,614,893,954,968,978,986,990,992 and 998 Mn. Broad bands 
cantered at 735,775,803 826,836 and 842 mn are also typical for these diamonds. 
The 3107 cm" line is detected in type I diamonds, but not in type II diamonds. This 
indicates that nitrogen may play a role in the formation of the 3107 cm" defect. 
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However, as stated earlier, Kiflawi et al. (1996) showed by isotopic substitution of 




Figure 4.3. Typical UV-VIS-NIR spectra recorded at liquid nitrogen temperature 
of diamonds with predominantly A centres (a. ), A and B centres, where [A] > [B] 
(b. ) and where [B] > [A] centres (c. ) as determined from the IR spectrum. 
The absence of one to one correspondence can be explained by considering a number 
of possibilities: 
- The 3107 cm" line does not correlate with the hydrogen concentration of 
diamond. 
- The 3107 cni" line can be created or destroyed during HPHT annealing, which the 
diamond experiences during its stay deep in the Earth. 
- The activation energy for the creation of the 3107 cm" defect will probably not be 
the same as for the A centre formation. 
So there may be a correlation between the total nitrogen and an undetectable 
hydrogen concentration in diamond, while the nitrogen concentration and the 3107 
cm7l defect may only show the same trend. 
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4.3.2. Observations of the 3107 cm" line in isotopically 12C/13C mixed HPHT 
spthetic diamonds. 
The full IR absorption spectrum is shown in figure 4.4. The shape of the one-phonon 
absorption indicates that virtually all of the nitrogen is present in the A-aggregate 
form at an approximate concentration of 800 ppm. It is also clear that there is 
hydrogen-related absorption present at - 1400 cm-1 and at - 3100 cm-1. Various 
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4.3.2.1 Absorption near 3100 cm-1. 
Figure 4.5 shows that the absorption near 3100 cm-1 is composed of two peaks, at 
3098 and 3107 cm-1, together with some minor features which are just above the 
noise level. The two major components are at the identical frequencies determined by 
Woods and Collins (1983), but now the 3098 cm-1 peak is dominant. This confirms 
beyond doubt that the absorption is produced by the vibration of a C-H structure. 
Because the frequencies are more than twice that of the maximum vibrational 
frequency of the diamond lattice (1332.5 cm-1), the stretching vibration of the bond is 
highly localised, and there is an insignificant coupling to the lattice modes. 
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Considering only the 3107 and 3098 cm-1 peaks, the former, due to the 12 C-H 
vibration, comprises (11.4 ± 0.3) % of the total absorption, whereas the starting 
material contained only I-2% 12C. We attribute this difference to the diffusion of 
carbon into the growth capsule from the graphite heater rod. We show below that the 
relative intensities of the two absorption peaks are consistent with the isotopic 
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Figure 4.5. Absorption spectrum of the hydrogen-related peaks near 3 100 cm-1 in 
an HPHT synthetic diamond grown from 13 C. The top spectrum is the 
experimental spectrum and the bottom spectrum is the simulated spectrum (broken 
curve) and the different simulated individual peaks (solid curves). 
4.3.2.2. Intrinsic two-phonon absorption. 
The absorption bands between approximately 1400 and 2600 cm-1 (figure 4.4) 
represent the two-phonon combination bands. These are made up of frequencies 
which propagate through the diamond lattice. Consequently, when we have a mixture 
of 12 C and 13 C atoms, we can assume, to a good approximation, that the frequencies of 
sharp features in the spectrum are inversely proportional to the square root of the 
average mass. In natural diamond there are two sharp spikes in the two-phonon 
spectrum at 1977 and 2158 cm-1. In the synthetic diamonds investigated here these 
features are less sharp, but, from the spectrum in figure 4.4, can be located at 1909 ±3 
and 2087 ±4 cm-1, respectively. The ratios of corresponding frequencies in the 
diamonds grown from 13 C, to those in natural diamond, are 0.9656 ± 0.0015 and 
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0.9671 ± 0.0019, respectively. If P is the percentage of 12C in the synthetic diamonds, 
then we expect the ratio, R, to be given by 
(98.9 x 12) + (1.1 x 13.00335) 
1/2 
(P x 12) + [(100 - P) x 13.00335]) 
(4.3.1) 
Using a weighted average of R=0.9662 ± 0.0012 gives P= (13.7 ± 3.2) % in good 
agreement with the value inferred from the relative amplitudes of the peaks in 
figure 4.5. 
4.3.2.3. Raman measurements. 
The samples were pressed in indium attached to a copper heat sink, thus minimizing 
local heating of the sample under the laser beam. 
The Raman line in natural type Ila diamonds, where the natural abundance of 13C is 
1.1 %, is at 1332.5 cm". The change in atomic mass when 12C is substituted by 13C 
induces a shift and an asymmetric broadening of the first order Raman line (Hass et 
al. 1992, Ruf et al. 1998). From the shift, one can calculate the isotopic composition 
of the diamond from the relation (Vogelgesang et al. 1996): 
coo = 1332.82 - 34.77 x- 16.98 x2 (4.3.2) 
In this equation, x is the fraction of 13C, and coo is the position of the Raman line 
which, in this case, is at 1290 ±2 cm-1. This gives the fraction of 12 C as 
(13.4±3.1)%, in excellent agreement with the previously calculated values. 
4.3.2.4. Absorption near 1400 cm-1. 
The 1405 crn-1 C-H bending vibration in natural diamond is close to the maximum 
one-phonon frequency (1332.5 cm-1). The high-frequency limit of the one-phonon 
band decreases by approximately 50 cm-1, on substituting 12 C by 13C . Because of 
weak interaction with the one-phonon modes, the C-H frequency is pulled somewhat 
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lower than that predicted by the isotope shift for an isolated C-H defect. The 
vibration is still sufficiently localised that, in our diamond with mixed isotopes, the 
individual 12 C-H and 13 C-H peaks are seen at 1396 and 1391 cm-1 respectively 
(figure 4.6). The separation of these two peaks is 20 % larger than that calculated for 
the stretching vibration of an isolated diatomic molecule, and the intensity of the 
component due to 12C is (36 ± 6) %, compared with 11.4 % derived from figure 4.5. 
The latter figure was shown to be consistent with the isotopic composition of the 
diamond. We infer that the simplistic analysis which worked well for the highly 
localised stretching vibrations near 3100 cm-1 is less appropriate for the partially 
localised bending vibrations near 1400 cm-1. 
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Figure 4.6. Absorption spectrum of the hydrogen-related peaks near 1400 crn-1 in 
an HPHT synthetic diamond grown from 13 C. The top spectrum is the 
experimental spectrum and the bottom spectrum is the simulated spectrum (broken 
curve) and the two different simulated individual peaks (solid curves). 
4.3.2.5. One-phonon absorption. 
The major absorption peak associated with A aggregates of nitrogen occurs at 
1282 cm-1 in the defect-induced one-phonon region of natural diamond. There is no 
straightforward method of calculating the position of this peak in 13 C diamond. We 
see from figure 4.4 that in our diamond containing approximately 88 % 13C the 
maximum absorption occurs at 1260 cm-1. The isotope shift is comparable with, but 
rather smaller than, the 32 cm-1 shift observed (Collins et aL 1988) for the peak 
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associated with isolated substitutional nitrogen which, in natural diamond, is located 
at 1130 cm-1. 
4.3.2.6. Combination bands 
Tbree weak peaks at 2757,3237 and 4469 cni-1 can be observed in figure 4.4. By 
analogy with natural diamond (table 4.1), we attribute the 2757 cm-i peak to the 
combination 2hCOb (2 x 1391 cm-1) and the 4469 cm-1 peak to hCO, + h(Ob 
(1391 + 3098 cm-1). As in natural diamond, because of slight anharmonicity, the 
positions of the combination bands are at slightly lower frequencies than those given 
by the arithmetic sums. Since the diamonds contain mainly 13C, combinations 
involving 12C with 13C (and especially 12C With 12C) will be too weak to detect in 
these specimens. 
The feature at 3237 cm-1 occurs at the same frequency as in natural diamond. Woods 
and Collins (1983) noted that this peak did not correlate in intensity with those 
attributed to C-H vibrations, and suggested that it was due to an N-H vibration. That 
proposal is not inconsistent with the absence of an isotope shift, observed here in 
diamonds grown from 13c. 
Because of the small sizes of the synthetic diamonds, and their relatively weak 
hydrogen-related absorption, the counterparts of the extremely weak combination 
bands seen in natural diamonds (table 4.1) could not be detected. 
4.3.3. The shift of the A defect absorption peaks in isotopically 12C/13C mixed HPHT 
synthetic diamonds 
4.3.3.1. Sample details 
A number of samples descibed in section 4.3.2. of this chapter are used for this study, 
and a number of additional samples were synthesized by the HPHT method by 
Pal'yanov's research group by using spontaneous crystallisation in a BARS press with 
isotopically mixed 12C/13C powder as carbon source. Some other samples were on 
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loan from I. Kiflawi (samples H441R, H439rt, h667b2, h667a2). The isotopic 13c 
content of the diamonds varied between 98 and I%. 
4.3.3.2. Raman measurements 
An accurate 12C isotopic fraction for each of the synthetic diamonds was determined 
by Raman measurements using the procedure described in this chapter, section 
4.3.2.3. 
4.3.3.3. Infrared measurements 
The 12C content of the synthetic diamonds was determined from the peak shift of the 
two phonon intrinsic diamond absorption by same procedure as in section 4.3.2.2. 
The peak positions of the nitrogen related absorption in the one-phonon absorption 
region of diamond was determined after subtraction of the intrinsic diamond 
spectrum. The intrinsic diamond spectrum of a 12C/13C isotope enriched diamond was 
constructed by shifting the frequencies of the intrinsic spectrum of a natural type Ha 
diamond by a ratio R' determined from a least squares fitting of the intrinsic diamond 
spectrum of the natural type Ha diamond and a synthetic isotope enriched diamond. 
This procedure removes the background absorption under the one-phonon nitrogen 
related absorption (see figure 4.7). 
To check the consistency with other measurements, the ratio R is calculated from 
equation 4.3.1. with P the concentration of 12 C as determined by the peak position of 
the Raman measurements and two phonon absorption peaks and compared with the 
factor R' (see figure 4.8). 
The peak positions of the A defect related absorptions are summarized in table 4.2 
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Figure 4.7. The absorption spectrum of the one-phonon A defect related 
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Figure 4.8. The wavenumber correction factor R', compared with the expected 
factor R from equation 4.3.1. 
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Sample % lic 1282 cm" 1212 cni" 1094 cm7l 480 cm7l 
H441R 2 1261 1170 1055 480 
(-21) (-42) (-39) (0) 
H439rt 8 1261 1170 1055 480 
(-21) (-42) (-39) (0) 
Fl 14 1260 1170 1057 480 
(-22) (-42) (-37) (0) 
F3 20 1260 1170 1057 480 
(-22) (-42) (-37) (0) 
h667b2 25 1265 1178 1066 480 
(-17) (-34) (-28) (0) 
F4 40 1266 1168 1069 480 
(-16) (-44) (-25) (0) 
828 61 1271 1191 1076 480 
(-11) (-21) (-ls) (0) 
h667a2 82 1274 1205 1083 480 
(-8) (-7) (-11) (0) 
988 94 1282 1212 1094 480 
(0) (0) (0) 
Natural 98.9 1282 1212 1094 480 
(0) (0) (0) (0) 
Table 4.2. The samples and their respective carbon 12 content, the peak positions 
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Figure 4.9. The ratio of the 13C to 12 CA defect peak position is set out as a 
function of the 12C percentage in the synthetic diamond. The 480 cm7l peak 
position does not shift with different 12C to 13C isotopic content. The legend gives 
the values of the A centre maxima for natural diamond. 
4.3.2.4. The peak position shift of the A defect in 13 C enriched diamond when 
assuming harmonic coupling to nearest neighbours only. 
If we assume that bond strength is not affected by replacing the carbon 12 atom by its 
isotope carbon 13, then we can expect the ratio of the peak positions of the A defect 
of natural and 100% 13C isotope enriched diamond to be given by: 
Peak shift = 
n*14+m*13.00335 / n*14+m*12 (4.3.3) 
ý014*m*13.00335 ý014*m*12 
With n and m. the number of nitrogen and carbon atoms respectively. This is correct 
when there is no anharmonic coupling between the atoms and only nearest neighbour 
interaction occurs. Table 4.3 summarises the relative shift of the A defect related 
peak positions sample H41 IR (2% 12C). 
--m- 1282 
-0-1212 













1282 0.9836 0.9830 2(1.91) 3(3.06) 
1212 0.9653 0.9726 2(1.99) 0(0.31) 
1094 0.9635 0.9726 2(2.00) 0(0.18) 
480 1.0000 1.0000 20 
Table 4.3. The measured and calculated (from equation 4.3.3) ratio of the peak 
position of the various A defect related absorption features of natural and 13C 
isotopically enriched diamonds. The bracketed values in table 4.3 are the values 
from the least squares fit of equation 4.3.3 to the experimentally determined ratio. 
Note that the ratios of the last two peaks are close to the ý(12/13) = 0.9607, but in all 
cases, the measured ratios are higher, so more than one nitrogen/carbon atom is 
involved in the vibration. This is no surprise as the wavelength of the vibration is by 
a factor of - 104 longer than the length of a few lattice sites, so the vibration will 
involve next nearest neighbours and more carbon atoms. 
Theoretical calculations of the frequencies of vibrations of A defects in isotopically 
12C/13C mixed diamond could aid in the understanding of observed change of the 
vibrational frequency of the A defects as function of 12C isotopic fraction. This is not 
attempted here as it is outside the scope of this thesis. 
4.3.4. Correlation between snectral features in the IR SDectra of nitroLen aeffeeates. 
As stated in the introduction (chapter 1), there is a relation between the D absorption 
coefficient and the integrated intensity of the platelet peak (Woods 1986). This is also 
observed in the samples studied here (figures 4.10 and 4.11), consistent with Woods 
(1986). An abnormally large number of brown and pink type Ia, and colourless, pure 
type IaB (no A defects) diamonds from the western Australian Argyle diamond mine 
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Figure 4.10. The correlation between the integrated intensity of the platelet peak 
and the D component in the infrared spectrum of diamond. The error bars give an 
example of the magnitude of the uncertainty on the measured values. Open circles 
and squares are data points from regular diamonds, while other data points are 
from irregular brown type la diamonds. 
Luyten (1994), Evans et aL (1995) and Kiflawi and Bruley (2000) investigated the 
annealing behaviour of nitrogen aggregates in samples subjected to extreme HPHT 
conditions and found that platelets are destroyed during HPHT annealing. That 
behaviour is also observed in this study (see chapters I and 6 for more information). 
The one phonon absorption spectrum around 1282 cni" of some type IaA diamonds is 
saturated and the concentration of the A defect was determined by the absorption 
coefficient of the A defect at 480 cm". The correlation factor between the A defect 
absorption at 480 cm71 and 1282 cm" has been determined for 7 colourless samples 
with different A defect concentrations without a detectable platelet absorption. The 
spectra were renormalized and the intrinsic spectrum was subtracted from the 
experimental spectrum. Then the absorption coefficients at 480 crd' and 1282 cm71 
were recorded and a linear correlation is found (figure 4.12). 
The data has been fitted with a weighted linear fit (function: y=E+F. x, with E and F 
free parameters) without constraints and a linear fit with the constraint that the linear 
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Figure 4.11. The correlation between the concentration of the B defect and the 
absorption coefficient at 1282 cm" due to the D component in the IR spectrum. 
Crosses and open circles are regular diamonds, while all other points are irregular 
diamonds, most of them are brown in colour. The data points at the origin are 
from 9 different samples. The data points are from the same regular and irregular 
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Figure 4.12. The correlation between the 480 cin" peak in the absorption spectrum 
of type IaA diamond and the maximum of the absorption at 1282 cin". The solid 
line is a weighted, unconstrained linear fit and the dotted line is a weighted linear rý 
fit through the origin. 
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For the unconstrained fit, the parameters are: 
Parameter Value Error 
E -0.39 0.30 
F 7.93 0.21 
Table 4.4. The fitting parameters for an unconstrained linear fit of the data in 
figure 4.12. 
For the fit with the additional requirement y=0 at x=0: 
Parameter Value Error 
F 7.76 0.17 
Table 4.5. The fitting parameters for an constrained linear fit of the data in figure 
4.12. 
The correlation between the absorption at 480 cm" and 1282 cm'i can be used to 
determine the absorption coefficient at 1282 cm"' for samples where the 1282 cm" 
region is saturated. The concentration of A defects can then be determined by 
multiplying with the appropriate coefficient from table 1.3 in chapter one. 
4.4. Conclusion 
4.4.1. Correlation of the 3107 cm" line with nitroaen and nitrogen aggregateS. 
The fact that the 3107 cm" line only occurs in type I diamond leads us to believe that 
nitrogen has an influence on the formation of the 3107 cm-1 line in the IR spectrum. 
It is possible that nitrogen aggregate - hydrogen complex centres have vibronic 
transitions in the UV-VIS-NIR spectrum which give rise to additional absorption lines 
in the "Cape-Yellow" spectrum of type la diamonds. 
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4.4.2. Results related to the 3107 cm" line in isotopically 12C/13C mixed HPHT 
synthetic diamonds. 
We have studied hydrogen-related absorption peaks in diamonds grown from 13 C and 
which contain approximately 800 ppm nitrogen in the A-aggregate form. The results 
show unambiguously that the absorption peaks at 3107 and 3098 cm-1 are due to the 
stretching vibrations of a C-H bond. The relative intensities of the two components 
are consistent with the isotopic composition of the diamond, determined from the shift 
of sharp features in the intrinsic two-phonon absorption band, and from the shift of 
the Raman peak. The isotopic splitting for the bending vibration is close to that 
calculated for isolated diatomic molecules comprised of 12 C-H and 13 C-H, but both 
components are pulled to lower frequency because of weak coupling to the one- 
phonon lattice vibrations. The relative intensity of the 12 C-H peak, calculated using a 
simple model, is higher than expected from the isotopic composition. The first 
overtone of the bend vibration, 2hCL)b, and the combination band hcos + hCOb have been 
detected; as in natural diamond the frequencies are slightly lower than those 
calculated from the arithmetic sum of the frequencies. The position of a feature at 
3237 cm-1 has been shown to be independent of the isotopic composition of the 
diamond, and this is not inconsistent with the proposal that this feature is due to an 
N-H vibration. 
4.4.3. Results related to the A defect in isotopically 12C/13C mixed HPHT spthetic 
diamonds. 
From our limited data set, the following conclusions can be drawn: the 480 crif 1 
vibration is probably a vibration along the nitrogen-nitrogen axis of the A defect. The 
1094 and 1212 cm" vibrations involve only carbon atoms. The 1282 cm" vibration is 
a vibration of a nitrogen-carbon complex. 
It is not clear why the 1282 cm" vibration has a different frequency change to that of 
the 1094 and 1212 cm'I vibrations when the 12C isotopic content is changed. 
Theoretical calculations could give further insight in the change of the vibrational 
frequency as function of the isotopic 12C content in diamond. 
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4.4.4. Correlation between spectral features in the IR spectra of nitrogen aggregates. 
The correlation between the integrated absorption coefficient of the platelet peak and 
the D defect absorption spectrum for regular diamonds found by Woods (1986) is 
confirmed in this study. 
The A defect concentration can be determined from the absorption strength of the 480 
cm" peak in cases where the A defect absorption is very intense and the absorption at 
1282 cni" is saturated. This can be done by multiplying the absorption coefficient at 
480 cm" by 7.8 ± 0.2, to calculate the absorption coefficient of the A defect peak at 
1282 cm'I, and then by 16.5 ± 1.0 to determine the concentration of A defects. 
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Chapter Five 
Vacancy capture by nitrogen 
and photo-induced changes 
and HIc defect 
5.1. Introduction 
1.1. Chapter outline and motivation 
There are two main topics in this chapter: 
aggregates 
of the Hlb 
- The capture of vacancies by nitrogen aggregates in diamond. 
- Photo-induced changes of the Hlb and Hlc defect. 
The first part of this chapter studies the kinetics of the decay of vacancies and the 
formation of nitrogen-vacancy complexes in irradiated diamonds when subjected to 
annealing. The defect formation and dissociation kinetics will play a crucial role in 
chapter six, where the formation and dissociation of nitrogen-vacancy aggregates 
during the HPHT annealing of type Ia brown diamond will be studied. Simultaneous 
dissociation of these defects during HPHT annealing will make the study difficult. A 
study the formation of the nitrogen vacancy complexes in a more controlled way can 
be done by eliminating the dissociation processes. This is done by electron irradiation 
and annealing (T - 800'C) of type Ia diamond and study of data in literature on 
irradiated diamonds, annealed up to 1750'C. 
The second part describes photo-induced changes of the Hlb and HIc defects in the 
infrared spectrum of irradiated and annealed diamonds. This will illustrate the 
importance of illumination and thermal history of a sample with respect to 
detectability and strength of absorption peaks. 
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5.1.2. Radiation defect production and annealinR of irradiated diamonds and 
preliminM experiments 
Vacancies and interstitials can be produced by high energy irradiation with electrons, 
gamma rays and nuclear particles (neutrons, protons, alpha particles, ... ) (Campbell et 
al. 2000, Davies et al. 2001). Production rates of neutral vacancies and interstitials 
when type Ila diamond is irradiated with 2 MeV electrons have been published 
(Newton et al. 2002, Davies et al. 1992). Newton et al. found that the total 
concentration of neutral vacancies per cubic centimetre produced in the process is 1.4 
times the total dose in electrons per square centimetre. However, for thin samples, 
Davies et al. (1992) deduced a different vacancy production factor of 0.075 cm" for 
samples irradiated with a dose of 3xl 017 ,2 MeV electrons/CM-2 at room temperature. 
In the same study, Davies et al. also found that for type la diamond, the vacancy 
production factor is 1.6 ± 0.1 times higher than for type IIa diamond. Irradiation of 
type Ia diamond produces negatively charged and neutral vacancy defects, while the 
neutral vacancy is predominant in relatively pure type IIa diamonds (Davies 1974b). 
The relative concentrations of the neutral and negatively charged vacancy in type Ia 
diamond are dependent on measurement conditions and history as photochromic 
processes occur (Dyer 1965b). Photochromic processes or photo-induced changes 
appear to be common in irradiated diamonds (Mita et al. 1990, Iakoubovskii et aL 
2000, Kupriyanov et al. 2000, Vlasov et al. 2001, Vlasov et al. 2002). 
Vacancies and interstitials can be mobilised by thermal annealing with different 
activation energies. Below a summary is given of the most relevant points on the 
current knowledge of interstitials and vacancies and some preliminary experiments on 
irradiated samples. 
5.1.2.1. Interstitials in irradiated diamond 
Newton et aL (2002), Smith et aL (2004) and Davies et aL (2000) identified the 
neutral interstitial by EPR (the R2 defect) and optical absorption measurements (the 
1.859/1.685 eV or 666.7/735.6 nm defects). Annealing measurements and irradiation 
at different temperatures lead Newton et aL (2002) to the conclusion that there are 
two equal energy barriers to vacancy-interstitial recombination: there is a barrier at an 
annihilation radius where the interstitial is bound to recombine with the vacancy and 
184 
an energy barrier at a larger capture radius. To cross each radius, the interstitial must 
overcome the energy barrier (see figure 5.1). 
At a low annealing temperature (T < -123'C (150 K)), the interstitial is not mobile. 
At a higher temperature (-1230C (150 K) <T< 277'C (550 K)) the interstitial 
concentration decreases strongly, but does not anneal out. This is because the 
interstitials outside the capture radius can anneal out to traps or to the surface, but the 
interstitial between the capture and recombination barrier cannot overcome the 
capture nor recombination barrier and this would account for the interstitials which 
remain after irradiation at temperatures between 150 and 550 K. The interstitials 
inside the annihilation radius recombine and this accounts for the decrease of the 
vacancy concentration at relatively low annealing temperature. At temperatures 
above 550 K (2770C), the interstitial can overcome the energy barrier to recombine or 
escape from the vacancy capture radius. 
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fA III 
E(I'001) 
00. rA rc 
Figure 5.1. Schematic diagram of the vacancy-interstitial recombination process. 
The interstitial has to overcome two barriers before it can recombine with the 
vacancy. 
During the electron irradiation excess, non-equilibrium excitons will be created and 
electrons or holes can be captured by the neutral <001> self-split interstitial (Iool) and 
convert it into a relatively more mobile interstitial I* with unknown charge. The 
Bourgoin-Corbett mechanism requires differently charged interstitials to occupy 
different sites in the crystal lattice and the neutral interstitial could then diffuse 
through the lattice during irradiation by trapping and release of charge: I001 --+ I* --+ 
looi --)- I* etc; this non-thermal diffusion process would be responsible for the 
"recombination enhanced diffusion of self interstitial atoms" in diamond (Newton et 
aL 2005). As a remark we note that interstitial related defects typically have a low 
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Iluang-Rhys factor, while rccombination enhanccd diffusion rcquircs a high Huang- 
Rhys factor (sce chaptcr 1, scction 1.8). 
An EPR study of the RI defect in type Ila s)mthctic diamond by T%vitchen el aL 
(2001) identified this defect as the nearest neighbour di-<100>-split interstitial. 
Isothermal and isochronal annealing studies of the RI defect indicated it is possibly 
linked to the 311 defect. The defect anneals out with a very low activation energy (0.6 
W), and a very low attempt-to-escape frequency (103 JIZ). 
The annealing behaviours of other interstitial related defects have been studied by 
Collins et d (1993) and Allers et aL (1998). 'nic 5RL band %vith a ZPL at 4.582 eV 
(270.5 tun) is thought to be a pair of interstitial carbon atoms. However, the defect is 
stable up to SOOT (1073 K), which casts some doubts on its interstitial character. 
The RI defect anneals out at a temperature in the range of 620 K (347*C) - 670 K 
(397'C) (T%%itchcn el at 2001). Ile 1.859 W (666.7 nm) and the Rl 1 (311 nm) 
systems, arc attributed to the single neutral interstitial, and anneal out at temperatures 
below the temperature %vhcrc the vacancy becomes mobile (420 - 540*C or 694 - 814 
K) and are thought to be responsible for the initial rapid decay of the GRI peak-, 
observed by Davies et al. (1992). The activation energy for the process is 1.68 ± 0.15 
cV (Allers el aL 1998, T%%itchcn et aL 2001). 
Goss et at (2006) studied different configurations of closely separated, negatively 
charged Frcnkcl pairs by theoretical calculations. Their study pointed to different 
configurations of the Frcnk-cl pair, %kith different symmaries, similar to a number of 
defects detected in irradiated type lb diamond. The symmctrics and hyperfine 
parameters are consistent with the WI I- W14 ccntrcs. Key point here is the capture 
of an clectron by the Frcnk-cl pair, giving the defect a total spin of 3/2. Conversion can 
then happen between different configurations. The energy barriers to change from 
one configuration into another arc low (- 0.2 W). During thermal annealing, a 
closely spaced Frcnk-cl pair could oscillate several times between different 
configurations before recombining. making the recombination process slower than 
anticipated from the interstitial diffusion energy alone. 11cre is experimental 
evidence for the conversion between WI I and W13 defects in irradiated t)Pe Ib 
diamonds (lak-oubovskii et at 2005) when subjected to temperatures above 200*C 
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(473 K) as shown in figurc 5.2. Theoretical calculations of the stabilities of different 
configurations of neutral Frenk-cl pairs, which should be present in type Ila and type 
la diamond, have not been carried out as yet, but if a neutral Frcnk-el pair can have 
several geometrical configurations, and similar calculations indicate these are stable, 
then some aspects of the annealing behaviour of vacancies in irradiated diamonds at 
relatively low temperature (300*C <T< 500"C or 573 K<T< 773 K) could be 
explained: if one configuration would be particularly stable, the concentration of 
interstitials would decrease upon annealing like the data obtained experimentally by 
Nc%%Ion et at (2002). 
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Figure 5.2. The Isochronal (1h) annealing data of electron and ganuna irradiated 
diamond of lAouhovAil et al. (2005). 
Ile 311 defect is readily detected in the UV-VIS absorption and emission spectrum 
(ZPL at 503.5 nm) ailcr irradiation and is bleached by annealing at 450*C (723 K) 
($cc figure 5.3); it is thought to be interstitial related (Steeds el al. 1999). The 311 
defect can also be bleached by UV illumination (VIasov el al. 2001, Vlasov et al. 
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2002). After annealing the absorption can be recovered by X-ray or UV illumination 
of the sample (Walker 1979), even after annealing at T- 800'C (1073 K) 
(lakoubovskii et al. 2003). No recovery of the absorption of the 3H defect has been 
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Figure 5.3. The UVNIS absorption spectrum, recorded at liquid nitrogen 
temperature. The 31-1 peak is completely bleached by annealing for I hour at 
450'C. 
5.1.2.2. Vacancies in irradiated diamonds 
Annealing of irradiated samples at temperatures over 600'C (873 K) will make the 
vacancy mobile, and detailed investigations of Davies et al. (1992) and Lawson et al. 
(1992b) on annealing of irradiation damage in type Ila, IaA, IaB and lb diamonds, 
identified a slow and fast annealing component of the radiation damage in type IaA. 
The decrease of the vacancies by the fast and slow processes and the growth of H3 in 
the diamonds correlate very well (Davies et al. 1992, Lawson et al. 1992b). The slow 
rate is - 12x lower than the fast rate and both processes have, within experimental 
uncertainty, the same activation energy of 2.3 ± 0.2 eV. In type lb diamond, nitrogen 
vacancy (N-V) defects will be formed (Clark and Norris 1971, Davies and Hamer 
1976, Mita 1993), while in type IaA/B diamond, the vacancy trapped at an A defect 
will give rise to H3 defects, and trapping by B defects will give rise to H4 defects 
(Davies 1977, Clark and Davey 1984). Davies (1977) and Clark and Davey (1984) 
observed a proportionality between the ratio of the A and B defect concentration and 
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the H3 and H4 defect concentration proving H3 is a vacancy trapped at and A defect 
and H4 is a vacancy trapped by aB defect. 
If C defects or other electron donors are present in the diamond, an electron can be 
trapped by the H3 defect and convert it into a negatively charged defect: the H2 defect 
(Mita 1990, Lawson el al. 1992a). In type Ib diamond the same thing can happen 
with neutral N-V defects: trapping of an electron by a neutral N-V defect, with a ZPL 
absorption line at 575 run, will lead to a negatively charged N-V defect with a ZPL 
absorption line at 637 run. 
In type Ila diamond the vacancy concentration decays by mixed first order decay 
(diffusion to vacancy sinks like dislocations, cracks, surface, ... ) and a weak second 
order decay (di-vacancy formation), while in type Ia diamond, the decay of the 
vacancy concentration and the accompanied growth of the H3 defect concentration 
follows a double exponential behaviour (two first order decay processes): Davies et 
aL did not model the decay of the vacancy concentration by two first and second order 
processes, but by two first order processes only as the nitrogen defect concentration 
was two orders of magnitude higher than the vacancy concentration. Vacancy 
trapping by nitrogen aggregates and dislocations are thus the dominant processes and 
di-vacancy formation is negligible when the trapping defect concentration is much 
larger than the vacancy concentration. Single substitutional nitrogen defects appear to 
be much more effective vacancy traps (see section 5.3 of this chapter). 
Lawson et al. (1992b) observed a change in the Full Width at Half Maximum 
(FWHM) of the GRI peak after annealing at 600'C (873 K), where the peak width 
slowly changed from 4 to 3.26 meV. However, experiments carried out and described 
in this chapter will show that the FWHM of the GRI line changes even at lower 
temperature. Lawson et al. (1992) considered three explanations for the decrease of 
the FWHM of the GRI line in type Ia diamonds, which appeared to be correlated with 
the fast decay component only: 
- Annihilation of closely spaced vacancy VO interstitial Ci pairs. 
- Rapid trapping of vacancies in regions with high density of A defects and slower 
trapping of vacancies in regions with lower A defect density. 
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- Fast annealing because of preferential creation of vacancies close to the 
nitrogen aggregate. 
The first option was ruled out because the increase of the H3 concentration correlated 
with the decrease of the vacancy concentration diffusing by the fast process. The 
second option was also ruled out because H3 zero phonon line narrowing is not 
observed when the H3 defect concentration increases during annealing. This should 
happen as the H3 defect created in the region with high A defect concentration has a 
large FWHM because of strain generated by other A defects near the H3 defect and 
the H3 ZPL line should become more narrow when H3 is created in regions with a 
low concentration of A defects. 
A remark must be made here (see Chapter 1, section 1.8 for more details): irradiation 
with gamma rays and electron irradiation at different energies will give different 
results: high energy irradiation will give well separated vacancy-interstitial pairs, 
while gamma irradiation will give closely separated vacancy-interstitial pairs. 
Additionally, increasing the energy during electron irradiation will create increased 
concentrations of non-equilibrium excitons, increasing the rate of recombination 
enhanced diffusion during irradiation. Detailed investigation of irradiation conditions 
used in literature shows that they are different in energy, irradiation dose and type 
(gamma, electron, neutron, ... ) making comparison of published results very difficult. 
Modelling vacancy migration data in irradiated type Ra diamonds is best fitted with 
mixed first and second order kinetics (Davies et aL 1992). The first order process 
dominates, indicating that dislocations might be an effective vacancy trap. EPR 
measurements identified the W29 defect as a di-vacancy (Kirui et aL 1999) and 
positron lifetime experiments tentatively identified a defect with a ZPL at 488 rim as a 
di-vacancy (Pu at al. 2001). Both processes will also take place during annealing of 
type I diamond, and in principle, an accurate model will need to take this into account. 
However, we will show in this chapter that di-vacancy formation is negligible in type 
Ia diamond with a well detectable concentration of nitrogen aggregates, consistent 
with the findings of Davies et al. (1992). 
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5.1.2.3. Other defects occurring during annealing of irradiated diamond 
Another defect created during irradiation of type Ia diamond is the "594 nm" defect, 
with a ZPL at 594 ran in the absorption spectrum. The absorption strength of the line 
increases when the diamond is annealed at relatively low temperature (- 400'C or 673 
K) and disappears after annealing at a high temperature (T > 1000'C or 1273 K) 
(figure 5.4). The structure of the 594 run defect is unknown. However, since the 
defect is detected after irradiation at room temperature and increases in strength after 
annealing at temperatures where the vacancy is immobile and since the defect only 
appears in type Ia diamond (Collins 1999), it is probable that the defect involves 
interstitials and nitrogen. In mixed type IaA/B diamond, the formation of two defects, 
Hlb (ZPL at 0.6124 eV or 4940 cm") and Hlc (ZPL at 0.6408 eV or 5170 cm") 
correlates with the destruction of the 594 nm defect by annealing at temperatures over 
700*C (973 K) (Collins et aL 1986). Collins et aL (1986) also found that [Hlb]/[Hlc] 
- [H3]/[H4] when the samples are annealed between 700 and 1200'C (973 - 1473 K), 
which implies that some or all of the 594 run defects are trapped at A and B defects to 
form Hlb and Hlc respectively. 
The intensity of the Hlb defect grows after annealing up to 1200'C (1473 K), and 
then decreases (figure 5.4). Annealing of irradiated type IaB diamond at temperatures 
above 1500'C (1773 K) destroys H4. When H4 breaks up, H3 defects are created 
(Collins et aL 2005). Annealing above 1700'C (1873 K) also destroys the H3 defects. 
The absorption intensity associated with the Hlb centre grows in intensity after 
annealing up to 1200'C (1473 K) (figure 5.4). Annealing above this temperature 
destroys the Hlb and Hlc defects. In irradiated and annealed type IaA diamond, 
destruction of the Hlb centre is accompanied by an increase in the concentration of 
H2 centres. The H2 defect, (negatively charged H3 defect (Mita et aL 1990, Lawson 
et aL 1992)), is detectable in irradiated type Ia diamond after annealing at 1200'C, 
and grows as the Hlb and Hlc defects are destroyed. In irradiated diamond, the H2 
defect is destroyed after annealing at - 1700'C (1973 K) as the H3 defect is also 
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Figure 5.4. The isothermal annealing data in figures 3 and 7 from the paper of 
Collins et aL (2005) (left and right figure). The left figure displays the isothermal 0 ID 
annealing data of a type IaA diamond after irradiation and the figure on the right 
displays the isothermal annealing data (T>900'C or 1173 K) of a type IaB 
diamond after irradiation. 
Data from Collins (1978b, 1980,1982) suggest the H3 defect splits up into an A 
defect and a vacancy. A detailed investigation of this process will be presented in this 
chapter and chapter six. 
Additional absorption lines and a broad band with a maximum at 3094 - 3110 cm-1 
can be detected in the infrared absorption spectrum, of type Ia diamonds electron 
irradiated with a high dose. This broad band anneals out at - 1000'C (1273 K) and 
additional sharp absorption lines appear. These lines are called the Hld (2678 cm"), 
Hle (2917 cm"), Hlf (4400 cm") and Hlg (4437 cm") lines (Kiflawi et aL 1999). 
The HId and HIg pair and the HIe and HIf pair show the same isochronal annealing 
behaviour. All lines are electronic transitions (Kiflawi et aL 1999). 
Figure 5.5 shows the IR spectrum of a type Ia diamond irradiated at room temperature 
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Figure 5.5. The broad band absorption in the IR spectrum of sample 1117 (see 
section 5.2 for details). The intrinsic diamond spectrum has been subtracted from 
the spectrum of the sample. 
Mita (1997) also found sharp, additional absorption lines at 4066,4113,4139 and 
4168 cm'l and a broad band at 2916 cm-1 in the infrared spectrum of a neutron 
irradiated (7.1017 CM-2) synthetic type Ila diamond, HPHT annealed (from T= 1400'C 
(1673 K) to 1700'C (1973 K) at 6 GPa). All peaks appear on annealing at 14001C 
(1673 K) and are stable up to 1700'C (1973 K). The broad band at 2916 cm" is 
probably not the broad band observed by Kiflawi el aL (1999), as the latter disappears 
after annealing at 10000C (1273 K). 
5.1.2.4. Photochromism of irradiation induced defects in diamond 
It has been noticed that a large number of point defects created by irradiation, or 
irradiation with subsequent annealing at moderate temperatures around 1000 K, are 
photo chromic or have photo-induced changes in their absorption strength (Dyer and 
du Preez 1965, Davies 1974b, Collins and Rafique 1979, Mita et aL 1990, Mita 1993, 
lakoubovskii et aL 2000, Kupriyanov et aL 2000, Vlasov et aL 2001 and 2002, 
Shareef and Collins 2003, Gaillou et aL 2005). 
Of special importance to this chapter is the work of Shareef and Collins (2003) and 
Gaillou et aL (2005). Both describe phenomena similar to observations in this 
chapter: the bleaching/enhancement of the HIb, HIc defects with visible light and UV 
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illumination respectively. The absorption of both defects can be restored to its 
original intensity by heating to moderate temperatures (500'C (773 K) to 600'C (873 
K) for 1 hour) and Shareef and Collins (2003) also determined the activation energy 
for the recovery process, after bleaching by green light to be 770 ± 210 meV. 
The bleaching and recovery process of Hlb and Hlc defects after illumination with 
light of different wavelengths is investigated further in this chapter. 
5.1.2.4. Preliminary experiments 
Initial experiments were carried out for the following reasons: 
- basic understanding of the annealing behaviour of irradiation induced defects in 
diamond and how these relate to results published in literature. 
- to determine optimal annealing conditions for the annealing experiments. 
In the first initial annealing experiment, a rough naturally irradiated diamond 
(irradiation conditions unknown) was isochronally (1 h) annealed at temperatures 
between 300*C (573 K) and 7501C (1023 K) in steps of 50'C. The sample was 
cleaved and micro PL measurements on the cleaved surface indicated the presence of 
GRI at the centre of the diamond. The FWHM of the GRI zero phonon line was 
determined from photoluminescence spectra as it was not possible to measure a good 
absorption spectrum through the irregularly shaped rough faces of the diamond. To 
avoid errors due to the inhomogeneity of the sample, the spectra were recorded at a 
well recognisable mark on the rough surface of the diamond. It is clear from figure 
5.6 that the FWHM of the GR1 already changes at 300'C (573 K), and possibly at 
even lower temperature. However, one can see from figure 5.7 that the there is no 
substantial increase of the H3 defect concentration while the FWHM of the GR1 line 
decreases by a factor of -2 after 400'C (673 K) annealing. The decrease of the 
FWHM also seems to level out at slightly higher temperature, and then decreases 
again after annealing above 600"C (873 K) where the vacancy becomes mobile and is 
trapped at nitrogen aggregates. This sample was probably exposed to y ray irradiation 
in Nature as this is consistent with the presence of GRI in the body of the diamond 
and the large FWHM of the GRI. line typical for y irradiated diamond (Clark et al. 
1956a, Clark et al. 1956b). The change in FWHM of the GRI Peak by annealing at 
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relatively low temperature (T < 300'C or 573 K) would then be associated not with 
interstitial-vacancy recombination, but following the model of Newton et al. (2002), 
interstitials outside the vacancy capture radius would diffuse to form aggregates or 
find their way to sinks. They will not recombine with vacancies. Newton et al. 
(2002) also observed a second fall in interstitial concentration after annealing or 
irradiating the sample held at 550 K (276'C) which is associated with interstitials 
escaping the capture radius or interstitial-vacancy recombination. The data on the 
FWHM of the GRI defect presented here is consistent with this model and 
furthermore, combined with the data on the H3 defect, the indications are that the 
interstitial is indeed the mobile specie as no significant increase of H3 concentration 
is observed after annealing for 1h at 550'C (824 K). The increase of H3 defect 
concentration is only observed after annealing at 600'C (873 K) and similar results 
have been observed for room temperature electron irradiated diamond (3 MeV, 2xlO'8 
e/cin 2) (Iakoubovskii et al. 2003). To conclude: the FWHM change of the GRI peak 
during low temperature annealing (T << 600'C or 873 K) is associated with 
interstitials diffusing away from the vacancy to sinks or the surface. The fast FWHM 
change of the GRI peak during high temperature annealing (T > 600'C (873 K) 
immediately after irradiation) must thus be associated with vacancy-interstitial 
recombination. This also explains the very fast drop of the initial absorption strength 
of the GRI peak when a type IaA diamond is subjected to annealing at 600'C (873 K) 
after irradiation (Davies et al. 1992) when the annealing of the sample at temperatures 
below 600'C (873 K) is skipped. 
It appears that the FWHM of the GRI line as function of annealing temperature, of 
the presumably gamma irradiated type Ia diamond, is similar to the behaviour of an 
electron irradiated diamond (Newton et aL 2002). 
Another type Ia diamond was irradiated with 8 MeV electrons with a dose of 8.1 018 e- 
/cm 2, with the sample kept at room temperature, and annealed at 450'C (723 K) for 
one hour. One can see a decrease of the F)WHM of the GRI line and a decrease of the 
absorption intensity (see table 5.1, figure 5.8). The 3H peak disappears completely 
and there is a weak increase in the absorption strength of the 594 Mn. The interstitial 
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Figure 5.6. The change in FWHM of the GRI ZPL of an irradiated diamond after 
isochronal annealing (I h) at different temperatures. The FWHM of the as 
irradiated sample is the first data point (room temperature). The other data points 
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Figure 5.7. The change in integrated intensity of the H3 defect after isochronal 
(I h) annealing at temperatures between 3000C (573 K) and 750"C (1023 K) in 
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Figure 5.8. The change in the absorption spectrum of an irradiated diamond (top 
spectrum) after one hour annealing at temperature of 4500C (723 K) (bottom 
spectrum). The ZPL sharpens and decreases in strength (Collins 1999). The 
interstitial related absorption with a ZPL at 667 nrn is almost completely removed 
after one hour annealing at 450'C (723 K) (see inset). Spectra were collected at 
liquid nitrogen temperature and have been shifted for clarity. 
Treatment [Vlu FWHM 
(ppm) (meV) 
As irradiated 5.1 ± 1.5 3.66 ± 0.25 
After 450'C, I hour 4.1 ± 1.2 3.29 ± 0.20 
Table 5.1. The change in concentration and FWHM of the GRI defect ZPL of the 
sample after irradiation and annealing at 450'C (723 K). The concentration of 
vacancies is determined as described in chapter 1, section 1.7. 
In a second type Ia sample, irradiated and annealed at similar conditions, the FWHM 
of the GR1 line changed from 5.93 to 4.90 meV with an integrated intensity change 
from 110 to 88 meV cm" (vacancy concentration change from 5.20 ppm to 4.17 
ppm). The uncertainty on all values is equal to these of the previous sample. Upon 
annealing, the 3H, 594 run and 667 mu peaks in this sample behaved in an identical 
manner to their behaviour in the previous sample. 
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The results on these two samples confirms the approximately 20% loss of vacancies 
when an electron irradiated diamond is annealed at T- 450'C (673 K) (lakoubovskii 
et aL 2003) and the results between the two samples are consistent. 
5.2. Experimental 
5.2.1. SamDle description 
Samples 1,2,3,4-2 and 6-1 were electron irradiated with a dose of 8.1018 e-/cM2 and 
an energy of 8 MeV. The irradiation dose of sample 14 was 1.1017 e-/cm2 at 6 MeV. 
These samples were mounted on a water-cooled (20 'C) copper block. Samples I and 
3 were annealed at 800'C (1073 K) for I hour under argon flow and sample 3 was 
then annealed at IOOOIC (1273 K) for I hour in high vacuum (P < 10-6 mbar). 
Samples 2,4-2,6-1 and 14 were annealed under HPHT conditions after irradiation. 
These results are reported in chapter six. 
Sample 7 was electron irradiated with a dose of 1.1018 with an energy of 2 MeV. The 
sample was heated to 450'C (723 K) for 1 hour to remove the interstitials, and then 
annealed to 8 OO'C (1073 K) for I hour to generate H3 and H4. 
Sample 10 was electron irradiated with a dose of 1.1018 e/cM2 (8 MeV). The colour of 
the diamond is orange yellow with strong H3 absorption because the sample was 
accidentally not cooled during irradiation. 
Sample I H7 is a type IaA/B diamond, HPHT annealed prior to irradiation (see chapter 
6), and then irradiated (dose : 8.1018 e"/cM2 ,8 MeV) and annealed at 900'C (1173 K) 
for I hour in a flow of argon. 
Samples I H7,3,4-2,6-1 and sample 10 do not display platelet absorption in the IR. 
Concentrations of A, B C, N+ defects and the intensity of the D component were 
determined by the procedure as described in chapter 1, section 1.6 and are 




















Sample 1 613 212 0.84 0 0 8.10'a 8 6.8 1.9 
Sample 2 660 243 0.99 0 0 8.10" 8 7.4 1.8 
Sample 3 0 2 0.00 0 0 8.10" 8 4.1 6.2 10-2 
Sample 4-2 973 53 0.00 0 0 8.10" 8 4.6 1.2 
Sample 6-1 552 89 0.00 0 0 8.10" 8 4.4 1.1 
Sample 7 311 320 1.59 0 0 1.1011 2 2.7 0.6 
Sample 7 1, 311 320 1.59 0 0 1.10 2 2.3 0.6 
450'C 
Sample 10 634 51 0.00 0 0 1.1011 4 ----- ----- 
Sample 14 107 60 0.11 0 0 1.101, 6 2.3 0.2 
Sample IH7 24 149 0.00 17 5 8.10 " 8 0.5 Saturation 
Table 5.2. The concentrations of A, B, C and N+ defects in the diamonds and the 
D absorption coefficient at 1282 cin", determined from the IR spectrum of the 
diamonds and the concentrations of neutral and negatively charged mono- 
vacancies in the different samples. All samples, except sample 10 were irradiated 
at 200C. 
The uncertainty on the concentration of the concentration of defects determined by IR 
absorption measurements is 10%. The concentration of GRI and NDI defects is 
determined by the procedure outlined in Chapter 1, section 1.7, with an uncertainty of 
30%. 
Data on four further samples was kindly provided by K. Iakoubovskii from AIST 
institute, Japan. All samples were irradiated with electrons (1.1018 e-/cm2) and 
annealed isothermally up to 800'C or 720'C. Sample details are given in table 5.3. 
Sample KI is a single growth sector of a synthetic type lb diamond with [C] = 160 ± 
20 Ppm. After annealing at 720'C, a weak GRI peak (neutral vacancy concentration 
of - 0.2 ppm) and a well detectable NDI peak (negatively charged vacancy 
concentration of 1.0 ± 0.3 ppm) could be detected together with 8.2 ± 2.5 ppm. of 
negatively charged N-V defects. After annealing at 1500'C for I hour, this N-V 
defect concentration did not change significantly ([N-V]- = 8.2 ppm). Sample details 
after 4 hour annealing is given in table 5.3. Sample K2 is a type IaA diamond with 
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[A] = 140 ± 14 ppm. After annealing at 800'C, 7.0 ± 2.1 ppm. of H3 defects could be 
detected. Sample K3 is a type IaA/B diamond with [B] = 532 ± 53 ppm, and [A] = 29 
±3 ppm. After annealing at 800'C, 1.8 ± 0.5 ppm of H3 and 8.0 ± 2.4 ppm of H4 
was detectable. Sample K4 is a type IaA diamond with - 1100 ppm. of nitrogen in A 
defects. 
Sample ABDc N+ Irr dose Irr energy GRI NDI 
(ppm) (ppm) (cm") (ppm) (ppm) (e-/cm2) (MeV) (ppm) (ppm) 
Sample KI 
0 0 0 150 10 1.1011 3 0.1 10 
irradiated 
Sample KI 
0 0 0 160 1 0.2 1 
720*C 
Sample KI 
15 0 0 136 8 0 0 
1500*C lh 
Sample KI 
48 0 0 125 7 0 0 
1500'C, 4h 
Sample K2 
140 0 0 0 0 1.1011 3 6.9 3.3 
irradiated 
Sample K2 
140 0 0 0 0 0 0 
8000C 
Sample K3 
29 532 2.46 0 0 1.1011 3 7.8 4.3 
irradiated 
Sample K3 
29 532 2.46 0 0 0 0 
8000C 
Sample K4 
1077 0 0 0 0 2.10's 3 8.8 7.4 
irradiated 
Sample K4 
1077 0 0 0 0 0 0 
760"C 
Table 5.3. The concentrations of A, B, C and N+ defects in the diamonds and the 
D absorption coefficient at 1282 cm7l, determined from the IR spectrum of the data 
of the samples of K. Iakoubovskii and the concentrations of neutral and negatively 
charged mono-vacancies in the different samples. All samples were irradiated at 
room temperature. The uncertainties in the concentrations are 10% and 30 % for 
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Figure 5.9. The UV-VIS spectra of sample 7 after irradiation, irradiation and 
annealing at 4500C (723 K), and after additional annealing at 800'C (1073 K) for 
I hour. Spectra were recorded at liquid nitrogen temperature and shifted for 
clarity. 
5.2.2. Instrumental set-up 
IR spectra were measured with a Bruker Equinox 55, equipped with a 5x beam 
condenser. 
As already remarked in previous chapters, sample inhomogeneity is a problem when 
using diamonds. This can lead to confusing and incorrect results, especially when the 
sample must be taken out and reinserted in the IR beam. In order to place the sample 
in the IR beam as reproducibly as possible, it was moulded in indium, located in the 
sample holder of the beam condenser. Before recording the first spectrum, the peak 
value of the interferogram was recorded. The negative print of the sample in the 
indiurn was used to relocate the sample in the holder. The sample holder was then 
positioned in the x and y directions, perpendicular to the IR beam, with micrometer 
screws, until the same interferogram peak value was reached. This procedure ensured 
the best, reproducible repositioning of the sample. 
UV-VIS-NIR absorption measurements from 220 mn to 900 mn were recorded with a 
Varian Cary 100 double beam spectrometer with 0.2 mn resolution. NIR 
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measurements (1000 - 800 nm) were recorded with the Princeton Instruments single 
beam system, where transmitted light is collected by optic fibres. The resolution is 
0.5 mn, and these spectra cannot be used for quantitative measurements: in this set-up 
the sample is illuminated with the full spectrum of a tungsten-halogen lamp which 
may cause photobleaching/photochromism changes in the diamond, changing the 
relative concentrations of neutral defects and the charged counterparts. 
Photoluminescence (PL) spectra of sample 3 were recorded with a Renishaw 2000 
system with the 514.5 run laser line of a Argon-ion laser. The spectrum was recorded 
with the sample at 77 K. 
For bleaching experiments of the HIb, HIc defects, a Perkin-Elmer 3 000 fluorescence 
spectrometer was used. The light source used was a7W Xenon flash lamp, and 
monochromatic light was selected by a 1200 g/mm grating and a slit, giving a spectral 
band width of the light on the sample of 5 rim. In situ illumination of the sample in 
the cryostat of the UV-VIS spectrometer and in the FTIR machine was done with 
commercially available light emitting diodes (LED), with maxima at 470 and 370 mn. 
After a few preliminary experiments, a thermal treatment at 500'C (773 K) for one 
hour was found to be the most efficient way to recover the peak intensity without the 
risk of surface etching after a large number of subsequent thermal treatments. The 
time required to saturate the bleaching effect depends strongly on the intensity of the 
light source: illumination with the intense light of a LED saturates the bleaching 
effect in a few minutes, while it was also found that it takes 30 minutes illumination 
of the sample with the Perkin-Elmer 3000 to saturate the bleaching. Selecting a 
smaller slit width (spectral band with of 2.5 run) resulted in a few hours of 
illumination before the bleaching effect reached its saturation point. 30 minutes 
illumination with a spectral band width of 5 rim was chosen as a balance between 
sufficiently short experiment time and spectral resolution. 
Samples were annealed at 800T (1073 K) or 900T (1173 K) under argon flow in a 
gas washing tube to avoid surface oxidization. The avoidance of surface oxidization 
eliminates the need to repolish the etched diamond surfaces and thereby reduced 
measurement errors. The outlet of the sample tube is guided through a gas washing 
bottle, filled with oil to prevent in-diffusion of oxygen. As a result the whole system 
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is at a slight overpressure which prevents in diffusion of oxygen. After annealing at 
800'C or 900'C, the samples were cooled while remaining under argon flow and after 
one minute, the tube was opened and the samples were quenched in water at 20'C. 
Samples annealed at 1000'C (1273 K) were inserted in a quartz tube under high 
vacuum (P < 10-6 mbar) placed in a tubular furnace at the University of Antwerp. The 
furnace heated up to 1000'C in - 13 minutes. After annealing, the tube was retracted 
from the furnace and cooled in air to room temperature in - 10 minutes. 
5.3. Vacancy trapping by nitro2en agilreLyate defects. 
Prior to all illumination experiments discussed in later sections, the UVNIS 
absorption spectra of every sample were measured. Example spectra of samples 1,10 
and IH7 are shown in figure 5.9. To reduce errors due to photochromic behaviour of 
the defects, the UVNIS measurements were halted as soon as total absorption in the 
UV region was reached (- 300 rim). The influence of intense illumination/bleaching 








Figure 5.10. The UV-VIS absorption spectrum of the three samples recorded at 
liquid nitrogen temperature after irradiation and annealing at 800*C (1073 K). The 
top spectrum is of sample I H7, the spectrum in the middle is of sample 10, and the 
spectrum in the bottom is of sample 1. Spectra have been shifted for clarity. Only 
sample IH7 has a detectable H2 absorption peak. 
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5.31.1. UV-VIS measurements 
After annealing, the GRI absorption peak in the samples was decreased or destroyed 
and various nitrogen-vacancy or nitrogen aggregate-vacancy related peaks were 
detected (figure 5.10). In all cases we see additional absorption in the UV increasing 
with shorter wavelengths, which reduces when vacancies are mobile consistent with 
Davies (1992) (see figure 5.11). 
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Figure 5.11. The UVNIS spectra of sample 3 before irradiation, after irradiation 
and after each annealing step. Strong absorption is detected in the UV part of the ZP ZD 
spectrum, consistent with observations of Dyer (1966) and Davies (1992), which is 
substantially reduced after annealing. Spectra were recorded with the samples at 
liquid nitrogen temperature . 
This broad band in the UV part of the spectrum which increases with increasing 
absorption to lower wavelengths has also been observed in type Ila diamonds (Dyer 
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Figure 5.12. A more detailed view of the spectral region close to the GRI peak 
in sample 3. No absorption is detected before irradiation, strong GRI 
absorption is detected after irradiation. The GRI peak is substantially reduced 
after annealing for I hour at 800 'C (1073 K), and is completely removed after 
annealing at 1000'C for I hour. The additional peaks at 1.679,1.691 and 
1.710 eV are not removed by annealing at 1000'C (1273 K). The (black) 
spectrum of the sample after annealing at 1000'C is shifted for clarity. C, 
As stated in the introduction of this chapter, the data of Davies et al. (1992) on 
annealing of radiation damage in type 11 and type I diamond (see chapter one) indicate 
that mono-vacancy diffusion is preferred over divacancy formation: there is almost no 
difference between mixed first and second order vacancy decay in type 11 diamond 
and almost complete first order decay in type I diamond. Here we observe similar 
facts: the vacancies in sample I are almost fully removed after I hour annealing 
(figure 5.13), while for the diamond with low nitrogen concentration (sample 3) a 
large fraction of mono-vacancies remains after identical annealing conditions (figure 
5.12). It is only after annealing at 1000'C (1273 K) for I hour that complete 
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Figure 5.13. Sample I after irradiation and after annealing at 800'C (1073 K) for 
I hour. Spectra are recorded at liquid nitrogen temperature. 
Davies (1974b) noticed additional structure in the side band of the GRI spectrum at 
1.685 eV (7355.6 nm) and 1.665 eV line (744.4 nm). The line at 1.685 eV (735.6 nm) 
is now known to originate from self-interstitials. Davies (1982) showed the 744 rim 
peak originates from Jahn-Teller splitting of the ground level of the vacancy. 
In this work additional peaks are noted at - 1.679, - 1.691 and - 1.710 eV and these 
peaks are still detectable after annealing at 1000'C (figure 5.12). The peaks are also 
detectable in the other samples before annealing, as the GRI/744nm peak pair cannot 
be deconvoluted properly by 2 Lorentzian peaks and proper baseline subtraction. An 
additional peak at - 1.679 eV is always needed to have proper peak fitting of the 
GRI/744 mn peak pair. 
The exact position of the 1.679 eV peak is sample dependent (see table 5.4), 
indicating that this peak is probably the envelope of two peaks (Kiflawi et al. 2005). 
Furthermore, the same peaks can be detected in the PL spectrum of sample 3 (figure 
5.14) after annealing at 1000'C (1273 K), at almost exactly the same peak positions, 
suggesting these peaks are zero phonon lines. 
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Sample 1.679 eV peak pos. 
(eV) 
1.679 eV integr. int. 
(eV. cm") 
Sample 1 1.678 ± 0.002 0.009 ± 0.002 
Sample I (800*C) 1.678 ± 0.002 0.012 ± 0.002 
Sample 2 1.675 ± 0.002 0.019 ± 0.004 
Sample 3 1.679 ± 0.002 0.037 ± 0.006 
Sample 3 (800'C) 1.679 ± 0.002 0.034 ± 0.005 
Sample 3 (1000"C) 1.679 ± 0.001 0.055 ± 0.004 
Sample 4-2 1.676 ± 0.002 0.018 ± 0.006 
Sample 6-1 1.679 ± 0.002 0.035 ± 0.006 
Sample 10 ND ND 
Sample 14 1.674 ± 0.002 0.100 ± 0.004 
Sample IH7 1.675 ± 0.002 0.006 ± 0.004 
Table 5.4. The peak position, integrated intensity of the peak at - 1.679 eV in the 
samples. The values for peaks for sample 3 after annealing at 800 and 1000'C are 
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Figure 5.14. The PL spectrum of sample 3, recorded at liquid nitrogen 
temperature. The peak positions of the three peaks are almost the same as the peak 
positions of the peaks in the UVNIS absorption spectrum. 
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Also, note that the relative intensities of the three peaks, detected in PL, are reversed 
compared to the absorption spectrum (figure 5.12 and 5.14): 














If the lines originate from the same defect, thermalization between different energy 
levels of the defect should be detectable by recording the PL spectrum with the 
sample at different temperatures. Unfortunately, at elevated temperatures, broad 
underlying background luminescence appears in the PL spectrum under the different 
lines, making the deconvolution of the peaks unreliable. 
There is one marked difference between the peaks detected here and the peaks 
described by Kiflawi et aL (2006): in this study, the peaks are found to be stable up to 
1000'C, while the peaks studied by Kiflawi et aL (2006) anneal out at 390'C after 
several hours. Therefore it is possible that peaks disappear upon annealing at 390'C 
and other peaks at the same position appear after annealing at 1000'C. Further 
research should clarify this point. 
5.3.2. Captured fraction of vacancies by nitrogen related defects in diamond. 
The vacancy capture of the various nitrogen aggregates is now investigated. Davies 
(1972), Clark and Davey (1984), Woods et aL (1990) and Lawson et al. (1992) 
studied the annealing behaviour of vacancies in type Ia diamonds and Davies et al. 
(1992) found that 
[H3]/[H4] =4 [A]/[B] (5.3.1). 
This relation is confirmed for the samples under study (figure 5.15), as long as no C 
defects are present. In that case, a relatively high negatively charged N-V defect 
concentration is detected. Sample 11-17 has 17 ppm of C defects and 5 ppm of 
positively charge C defects. This correlates very well with the detected concentration 
of [N-V]- defects of 4.5 ppm (see table 5.5). The sample also displays well detectable 
H2 absorption; taking the results at face value, this could be responsible for 
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discrepancy of the remaining 0.5 ppm of positively charged C defects. The total 
concentration of N-V-N defects is then 0.9 ppm and the ([H3]+[H2])/[H4] ratio is 0.8, 
if we suppose that 0.5 ppm of N+ is compensated completely by the formation of H2 
defects. In that case the ([H3]+[H2])/[H4] ratio of sample 11-17 would correlate very 
well with that of the other samples. However, once the uncertainties indicated in table 
5.5 are taken into account, it is clear that this approach must be treated with caution. 
Also, as we shall see later (section 5.4.1), the calibration factors used to convert the 















Sample 1 3.3 0.3 ----- 2.89 10.36 0.0016 0.0047 ----- 
Sample 3 0.00* 0.00* ----- ----- ----- ----- ----- ----- 
Sample 7 2.6 1.0 ----- 0.97 3.7 0.0032 0.0031 ----- 
Sample 10 2.3 0.1 ----- 12.43 44.03 ----- ----- ----- 
Sample K1 ----- ----- 8.2 ----- ----- ----- ----- 0.0051 
Sample K2 7.0 0.0 ----- ----- ----- 0.0049 ----- ----- 
Sample K3 1.8 8.0 ----- 0.05 0.23 0.0310 0.0015 ----- 
Sample K4 14.1 ----- ----- ----- ----- 0.0009 ----- ----- 
Sample lH7 0.40 1.12 4.5 0.16 0.36 ----- ----- ----- 
* In these cases, no H3 or H4 absorption could be detected. 
Table 5.5. The concentrations of the various nitrogen-vacancy aggregates in the 
irradiated and annealed samples. [C,, a] is the total concentration of single nitrogen 
defects (C and N+ defects). The uncertainty in the H3 and H4 concentrations is 
30%. The uncertainties in the ratios [A]/[B] and [H3]/[H4] are 14% and 42% 
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Figure 5.15. The [H3]/[H4] ratio as a function of the [A]/[B] ratio. The full line 
is a weighted least squares fit through the origin and gives a gradient of 3.85 
0.23, in good agreement with published data (Davies et aL 1992). 
From the data of sample K1 and lH7 (table 5.2 and 5.3), one can notice that C defects 
are very efficient trapping defects. Data in the literature (Collins 1980, Davies et aL 
(1992)) confirm the C defect to be a very efficient vacancy sink; this may be due to 
the absence of a vacancy barrier for N-V formation (Mainwood 1994). 
The concentration of H3 (or 1-14) defects is proportional with the A defect and vacancy 
concentration (or B defect and vacancy concentration). The proportionality 
coefficient can be determined by dividing the H3 defect concentration by the A defect 
and vacancy concentration. When type Ia diamond is irradiated, the vacancy 
concentration is in most cases smaller than the A or B defect concentration and as a 
consequence, the proportionality factor should increase with decreasing A (or B) 
defect concentration when normalised to the vacancy concentration. 
[H3]=a[V][A] and [H4]=P[VI[B] 
If all vacancies are trapped at nitrogen aggregates and in the absence of C defects, 
then the proportionality factor should be equal to the reciprocal value of the 
concentration of the nitrogen aggregate trapping defect: 
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[H31 1 (5.3.2) 






Because all vacancies are trapped at either A or B defects to forrn H3 or H4 defects, 
the difference between the total vacancy concentration and the H3 defect 
concentration should be equal to the H4 defect concentration: [V]-[H3] = [H4] 
However, if not all vacancies are trapped then part of [V] in equations (5.3.2 and 
5.3.3) is the concentration of vacancies trapped at H3 (or H4) and the concentration of 
vacancies lost to various other traps in the diamond (dislocations, surface, ... ). In that 
case the concentration of vacancies minus the concentration of H3 must be larger than 
the concentration of H4, i. e. [V] - [H3] > [H4]. The same relation is found for the H3 
defect concentration i. e. [V] - [H4] > [H3]. Equations 5.3.2 and 5.3.3 become: 
[H31 1 (5.3.4) 






with a and b>1; a and b are the multiple of H3 or H4 defect concentrations in the 
diamond which traps vacancies but is not detectable. So (a-1)[H3] or (b-1)[H4] is the 
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Figure 5.16. The ratio of the nitrogen aggregate-vacancy complex to the product C, 
of the nitrogen aggregate trapping defect concentration and the vacancy C) ýý 
concentration as function of the nitrogen trapping defect concentration itself. The 
data is fitted with the rhs of equation (5.3.4). Note the concentrations are the 
concentrations of A and B defects and not the atomic concentration of nitrooen in 
the A and B defects. 
Fitting of the datapoints calculated by formulas above gives for the datapoints a factor 
a=3.3 ± 1.5 and b=6.5 ± 2.9. 
Checking the correctness of the values can be done very easily because the total 
concentration of vacancies before and after annealing must be identical. 
[H3] + [H4] + (a-1)[H3] = [V] = [H-3] + [H4] + (b-1)[H4] (5.3.6) 
A very close fit of relation (5.3.6) to the experimental data can be reached when a= 
2.1 ± 1.2 and b=6.5 ± 3.0 equal to the factors a and b obtained by a reciprocal fit of 
the experimental data (figure 5.16) within experimental error. However, the errors are 
too large to allow a reasonable estimate of the number of vacancies lost to optically 
undetectable traps. 
Note also that sample 1, with A and B defects as major trapping defects ([A] and [B] 
> [V]), only about 50% of the total vacancy concentration is trapped by annealing at 
800'C for I hour, but no mono-vacancies are detected in the experimental spectrum. 
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This is in contrast to sample 3, where the trapping centres are the minority defects 
([B] < [V]) and mono-vacancies are still clearly detectable after similar annealing 
conditions. The vacancies are only removed after annealing for 1 hour at 1000'C 
(1273 K). 
These experiments clearly prove the importance of the concentration of the trapping 
defects (figure 5.16) as pointed out by relatively simple simulations (Collins 1998). 
This is also consistent with the work of Clark el aL (1956b) who observed the GRI 
absorption peak is more readily reduced in type I than in type Ila diamond. 
The experiments also point out that divacancy formation is a minor process in 
diamond; otherwise vacancies should then disappear at high rate, irrespective of the 
trapping defect concentration. This is in contradiction to the data for sample 3 and is 
further substantiated by the fact that 
- Irradiated high purity CVD diamond must be annealed above 1000'C to remove 
the vacancies (Collins, personal communication). 
- The vacancy concentration decrease by annealing of irradiated type Ia diamond 
with elevated concentration of nitrogen, follows first order kinetics. 
-- 20% of the vacancies is lost by vacancy-interstitial recombination when 
diamonds are annealed at temperatures above 400'C (673 K). In type Ia diamond, 
almost all remaining vacancies are trapped at nitrogen aggregates, and almost no 
vacancies are lost to dislocations, divacancies or other optically inactive traps. 
- The di-vacancy related TH5 band is under the H3 defect absorption side band 
making it hard to identify the TH5 band. Positron annihilation experiments 
indicate divacancies are stable up to 1 100'C (Dannefaer, pers. comm. ). However, 
no substantial decrease of the H3 absorption side band is detected when irradiated 
type la diamond is annealed at temperatures over 900'C (Collins et aL 2005). 
Also, Clark et aL (195 6b) did not observe the TH5 band in irradiated and annealed 
diamonds. 
- When divacancies or optically undetectable vacancy traps dissociate, the released 
mono-vacancies would be trapped at nitrogen aggregates, thereby increasing the 
absorption of H3 or/and H4 defects. However, there is no substantial rise in the 
213 
absorption strength of the H3 defect spectrum of an irradiated type IaA diamond 
when annealed (Collins et aL 2005) above 1000'C (figure 5.17). 
For these reasons, divacancy formation and dissociation is neglected in all fin-ther 
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Figure 5.17. The change of the H3 absorption as function of isothermal annealing 
of an irradiated type IaA diamond (Collins et aL 2005). 
5.3.3. The possible influence of platelets on the vacancy annealing kinetics of tyl2e 
IaA/B diamond 
Because platelets are extended defects and consist of a layer of carbon interstitials, it 
is possible that platelets trap significant concentrations of vacancies during annealing 
of irradiated type IaA/B diamond. Vacancies can be absorbed by the platelet and 
interstitial atoms would then move into a regular lattice position. 
The most significant change in platelet absorption is observed immediately after 
irradiation (figure 5.18. ) and not when interstitials are mobile (at 450'C (723 K)) or 
when vacancies are mobile (at 800'C (1073 K)). Clearly, the platelets do not 
significantly change during annealing, and it is possible that the concentrations of 
interstitials and vacancies trapped by the platelets after irradiation and annealing is too 
small to detect a change in platelet properties. The experimental data presented here 
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Figure 5.18. The platelet peak clearly decreases in intensity when the sample 7 is 
irradiated. No changes occur after annealing at 450'C, and 800'C. A similar 
decrease in intensity was observed in sample I and 2 after irradiation. 
The decrease of intensity of the platelet peak is accompanied by a similar decrease in 
intensity of the D absorption component. 
5.3.4. Annealing of type IaA/B diamond: H3 and H4 formation kinetics 
Experimental and theoretical studies of Davies et al. (1992), Mainwood (1994) and 
Prins (2001) point towards a possible explanation of the relatively different capture 
efficiency between A and B defects and the slow and fast component of vacancy 
trapping by A defects in diamond: the vacancy has to overcome an energy barrier, 
greater than the vacancy diffusion energy, before being trapped at the defect itself. 
The origin of this barrier may be the energy required to restructure the defect from a 
N-N-V configuration into a N-V-N configuration: the A defect has D3d symmetry and 
the H3 has C,, symmetry, which is not a sub-group of D3d, so the N-N +V 
configuration cannot simply restructure into a H3 defect configuration (see figure 
5.19). These energy barriers are not equal for each vacancy aggregate or defect 
(Mainwood 1994): theoretical calculations predict there is no barrier for the formation 
of N-V defects, a barrier of 5.1 eV for H3 defects and 6.5 eV for H4 defects. 
However, Davies (1992) concluded that the barrier should be smaller than or equal to 








Figure 5.19. The formation of H3 and H4 defects; the vacancy is trapped at an A 
defect (a. ) or B defect (b. ) and the complex restructures into the H3 or H4 defect 
respectively defect. In each case, the number of dangling bonds of carbon atoms 
decreases from three to two. The red arrow indicates the direction of the dipole 
responsible for the optical absorption (Jones et al. 1994). 
In the vacancy diffusion and trapping by nitrogen aggregates model presented below, 
the vacancy can diffuse through the diamond lattice until it encounters a nitrogen 
aggregate. An AN complex is created and, provided there is enough energy, the 
vacancy can now overcome the energy barrier and restructure into a H3 defect or it 
cannot overcome the energy barrier and diffuses away from the A defect. 
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Equal concentrations of A and B defects should give rise to four times more H3 than 
H4 and this can be simulated by solving the following differential equations, which 
are solved numerically: 
[V (t)] 
= -a (klf., +kl,,. ) 
[A (t)] [V (t)] -, 8 (klf., t +kl, slow 
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d[H4(t)] 
= k3 [(B - V) (t)] dt 
(5.3.11) 
Here [V](t), [H3](t) and [H4](t) are the vacancy, H3 and IJ4 defect concentrations at 
time t, a and 0 the fractions of vacancies captured by A and B defects respectively. 
The rate at which the H3 and H4 defects are created must be proportional to the total 
concentration of trapping centres (Collins 1998) and the trapping cross sections 
(factors a and 0). 
The r. h. s. of equation 5.3.7 describes the loss of vacancies by first order kinetics when 
trapped by A (first term) and B defects (second term). The third and fourth terms 
describe the generation of vacancies when the vacancy diffuses away from the AN 
configuration or the B-V configuration respectively. 
The right hand side of equation 5.3.8 describes the capture of vacancies by the A 
defect by the fast and slow diffusion mechanism (first term), the formation of H3 
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from the AN configuration (the second term) and the loss of the AN combination 
when the vacancy diffuses away (third term). 
Equation 5.3.9 describes the formation of H3 defects for the AN configuration. 
The right hand side of equation 5.3.10 describes the capture of vacancies by the B 
defect by fast and slow diffusion mechanism (first term), the formation of H4 due to 
restructuring of the B-V configuration into H4 (second term) and the loss of vacancies 
when the vacancy diffuses away from the B-V configuration (third term). 
Equation 5.3.11 describes the formation of H4 defects from the B-V configuration. 
kj, f,,, j, kl,,,,,,, k2 and k3 the are the fast and slow vacancy diffusion rate constants, the 
H3 formation rate constant, and the H4 formation rate constant respectively. The rate 
constants depend exponentially on the activation energy: 
ki = v,. exp 
(yk, 
T) (5.3.12) 
with vi the vibrational pre-exponential factor, Ej the activation energy of the process, 
kB the Boltzmann constant and T the temperature in Kelvin. The vibrational pre- 
factors have been determined by Davies et aL (1992). 
Pre-exponential factors for the slow and fast vacancy diffusion processes are: 
vi, slow ý (2.4 x 10-8 s)-', vif,,,, = (1.4 x 10'9 s)-l (5.3.13) 
The pre-exponential factors for the rate constant to scale the energy barrier to H3 and 
H4 formation should be in the order of the vibrational frequency of the vacancy 
(_ 1013 Hz). However, since the experimentally determined pre-constant for vacancy 
diffusion is smaller, the highest experimentally determined pre-factor is used (the fast 
process). 
V2 -'ý v3 = (1.4 x 10'9 s)" (5.3.14) 
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Using the slow component pre-exponential factors gives a slow initial rise of the H3 
defect concentration and thus cannot account for the experimental data. 
If there is no energy barrier, equal concentrations of A and B defects would give equal 
concentrations of H3 and H4 defects as there is no preferential trapping of vacancies 
at A or B defects. The energy barrier must be smaller than the experimental error on 
the vacancy diffusion energy (0.2 eV), and the simulated H3 increase during 
annealing must fit the data of Davies et aL (1992). This can be done if we introduce 
an energy barrier, of 2.50 eV and 2.61 eV (0.20 and 0.31 eV above the vacancy 
migration energy of 2.3 ± 0.2 eV respectively) for AN to H3 and B-V to H4 
restructuring respectively. The ratio of H3 to H4 defect concentration compared to A 
to B defect concentration for an annealing temperature of 800'C (1073 K) is then 
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Figure 5.20. The simulated H3 and H4 defect concentration increase with time in 
a type Ia diamond with equal concentrations of A and B defects, annealed at 
600"C. The behaviour of H3 is equal to the H3 behaviour described by Davies et 
aL (1992) 
Simulation of the H3 and H4 defect concentration evolution with time with the 
parameters above an annealing temperature of 6001C can simulate the double 
exponential rise of the H3 defect concentration described by Davies et aL (1992) very 
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well (figure 5.20). For the simulations a vacancy concentration of 7 ppm is used, and 









Figure 5.21. The simulated H3 and H4 defect concentration increase with time in 
a type la diamond with equal concentration of A and B defects, annealed at 8000C. 
Simulation of the H3 and H4 defect concentration evolution with time for an 
annealing temperature of 800'C (1073 K) shows that all H3 and H4 is formed in less 
than Ih annealing (figure 5.21), and only a very low concentration of GRI should be 
detectable. This is indeed observed (figure 5.10). 
In Davies et aL (1992), the vacancy decay in type IaA diamond is described by a 
double exponential, and neglecting the formation of di-vacancies as the concentration 
of trapping centres is larger than the vacancy concentration by two orders of 
magnitude; the vacancy decay could be described by a double first order decay. A 
mixed double first and second order decay cannot describe the time evolution of the 
vacancies as this would induce a very fast initial decrease in vacancy concentration 
which is not observed (see figure 5.22). 
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Figure 5.22. The simulated vacancy concentration decrease with time in a type la 
diamond with equal A and B defect concentration, annealed at 600'C (873 K). 
The decay is modelled with mixed double first order (fast and slow process) and 
second order decay (solid curve) and double first order decay only (broken curve). 
The double first order decay fits the experimental data of Davies et aL (1992) the 
best. 
Here we propose an alternative model which needs only one diffusion rate for the 
vacancy and gives a possible explanation for the decrease in fast fraction when 
irradiated samples are annealed at higher temperatures. 
In this model, all vacancies diffuse with the same diffusion rate but the vibrational 
pre-factor in the diffusion rate constant is different (v - (0.6 10-9 s)-1) from the values 
used by Davies et aL (1992). To account for the results in the literature, we introduce 
an energy barrier around, but not at the A and B defect, with slightly higher activation 
energy for vacancy diffusion (2.5 and 2.6 eV for the A and B defect respectively). 
The differential equations describing this model are the following: 
[V (t)] 
= -ak, 
[A (t)] [V (t)] -, 6k, 




[V (t)]' +kl +kl 
[Bb,,,,,,,, 
d [Abarrier (t)] 
=ak, [A (t)] [V (t)] -k2[Abar, (t)] -kl [Ab,,,,,,, (t)] (5.3.16) dt 
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- V) (t)] 
d[H4(t)] 
= k3 [(B - V) (t)] dt 
(5.3.21) 
In this model vacancies are created by irradiation in and outside the capture radius 
around the A and B defect (figure 5.23). When vacancies start to diffuse at 600'C 
(873 K), the vacancies within the capture radius can freely diffuse to the A or B defect 
and create an H3 or H4 defect. This will account for the fast diffusion rate of 
vacancies and the equally fast formation rate of H3. The vacancies outside the capture 
radius have to scale the energy barrier before they can enter the capture radius. This 
will slow down the formation of H3 and H4 defects, accounting for the slow diffusion 
rate of vacancies and slow creation of H3 defects. Small changes in the diffusion 
energy of the vacancy are possibly caused by changes in electron distribution when 
the vacancy approaches the A or B defect. Dilatation of the vacancy and A defect 
cause a deviation from ideal sp 3 charge distribution of the surrounding carbon atoms. 
When the vacancy approaches the A defect or B defect, the delocalised electrons of 
the distorted sp 3 configurations will interact, causing a change in the diffusion energy. 
Because the distortion of the A defect and B defect is different, their perturbation on 
the vacancy diffusion energy will be different. Theoretical calculations indicate a 
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weak change in the vacancy diffusion energy when it approaches the A or B defect, 
but the changes are too small (J. Goss, personal communication) to differentiate. 
The difference in barrier height at the A and B defect will result in a different ratio for 
H3/H4 compared to [A]/[B] ratio. As the difference between the energy barrier and 
the vacancy diffusion energy is small, annealing at higher temperatures will appear to 
happen with the fast diffusion rate only. However, the fast fraction should increase 
with increasing nitrogen concentration, which is not observed (Davies et aL 1992). 
Similar accuracy in fitting the experimental data of Davies et aL (1992) as with the 
double first order decay model can be reached with slightly different vibrational pre- 
factors (figure 5.24) and with a barrier height of 0.2 eV and 0.3 eV for the A and the 
B defect respectively. 
k2 [A-V (t)] k2 [Ab.,., (t)] 
-10. ý4- 
kl[A-V(t)] kI [A (t)] 
ak, [A(t)][V(t)] k, [V(t)] 
H3 "4- AN "4- Abarrier 
V 
Rc 2.5 eV 2.3 eV 
-No. 
Figure 5.23. The single first order decay model for vacancies in type IaA diamond, t. 
where vacancies are preferentially created inside the capture radius Rc. These can 
diffuse freely to the A defect and restructure to an H3 defect. A fraction of the 
vacancies created outside the capture radius (a[A(t)]. [V(t)]) of these vacancies 
diffuses to the A defect. These vacancies outside the capture radius have to 
overcome an energy barrier before being trapped inside the A defect capture radius. 
Vacancies inside the capture radius can also overcome the energy barrier and diffuse 
away from the A defect. 
As temperature increases, the barrier height will become insignificant and the increase 
of the H3 defect concentration will appear to be single first order as experimentally 
observed by Davies et aL (1992). 
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To account for the relatively high concentration of the perturbed charged vacancies, 
40% of the vacancies must be created close to the nitrogen aggregates (Davies et al. 
1992), which will be within the capture radius. This also means that the concentration 
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Figure 5.24. The difference between the single first order vacancy decay model 
with an energy barrier around the A defect and the double first order decay model. 
In the single first order vacancy decay model, - 40% of the vacancies is located 
between the A defect and its energy barrier. 
This 40% of vacancies is created within a few atomic lattice spacing from the nitrogen 
aggregates: if one simulates the distance distribution for the concentrations of 
vacancies (7 ppm) and A defects (296 ppm), with defects positioned randomly on 
microscopic level but homogeneously at macroscopic level, then the average distance 
between the A defect and a vacancy is 9.7 atomic nearest neighbour distances (figure 
5.25). About 50% of the vacancies are created within 10 atomic nearest neighbour 
distances. If 40% of the vacancies is created within 3 to 4 units of nearest neighbour 
distance, then the proximity of the A defect must promote the formation of vacancies 
or prevent vacancy-interstitial recombination. This can be caused by reduction of the 
interstitial recombination enhanced diffusion by the presence of the A defect close to 
the nitrogen aggregate. Vacancy-interstitial recombination would be reduced close to 
the A defect because of reduced interstitial enhanced diffusion compared to the bulk, 
where the interstitial can diffuse more easily during irradiation and recombine. The 
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net result is an apparently higher concentration of strained vacancies because of the 
presence of the A defect (and possibly also the interstitial), consistent with the 
observations of Davies et al. (1992). These vacancies are also the first to anneal out 
as they are very close to either a nitrogen atom or an interstitial. This is consistent 
with observations of Davies et al. ( 1992), who observed changes in the FWHM of the 
GRI and ND I absorption lines during annealing of irradiated type IaA diamond and 
attributed this to the diffusion and trapping of vacancies close to the A defect. The 
change in the FWHM of the GRI peak is attributed to the fast annealing of these 
stressed vacancies, which during irradiation are created close to the A defect. These 
vacancies anneal approximately 12 times faster than the slow diffusion when annealed 
at temperatures between 600'C (873 K) and 800'C (1073 K). The additional energy 
barrier of 0.2 eV above the vacancy diffusion energy when the vacancy has to cross 
the capture radius around the A defect will make the fast diffusion - 12 times faster, 
as observed by Davies et al. (1992). 
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Figure 5.25. The histogram of the distribution of distance between a vacancy and 
an A defect in a irradiated type IaA diamond with 7 ppm of vacancies and 296 
ppm of A defects. 
Note that our alternative model does not include an energy barrier for restructuring of 
the AN configuration into the N-V-N structure. Theoretical calculations of Jones et 
al. (1994) found the AN structure to be highly unstable, so this assumption is not 
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unreasonable. Furthermore the constants a, 0 and y will be proportional to the inverse 
of the trapping concentration, making equation sets 5.3.7 - 5.3.11 and 5.3.15 - 5.3.21 
independent of the concentration of trapping defects. 
It appears that neither of the two models is entirely appropriate to describe H3 
formation and vacancy removal by trapping at nitrogen aggregates: it is hard to think 
of a physical mechanism which would allow two different diffusion rates, as 
described by the model of Davies et aL (1992). Of the two alternative models for 
vacancy-nitrogen complex formation presented in this section: 
- The first model has the two different diffusion rates which is unphysical. 
- The second model solves the problem of the two diffusion rates and can account 
for the fast loss of strained vacancies as these are the vacancies created within the 
energy barrier around the A and B defects. These can diffuse at normal rate while 
the unstrained vacancies, created outside the barrier around an A or B defect will 
diffuse at lower rate as they first need to overcome the energy barrier before being 
trapped by the A defect and convert into a H3 defect. 
5.4. Photo-induced changes of defects detectable in the UV-VIS and IR spectra. 
5.4.1. Influence of bleachin with monochromatic liaht on the UV-VIS spectrum of 
as-irradiated diamond 
Prior to illumination with intense monochromatic light of a diode, the UV-VIS 
absorption spectrum of the irradiated sample 14 was recorded with the sample at 80 
K. Then the sample was illuminated with UV light of the LED without removing the 
sample from the cryostat and the spectrum is recorded again. The difference between 
the spectrum before and after illumination is given in figure 5.26. The decrease of the 
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Figure 5.26. The difference between the UV-VIS spectrum after and before 
illumination. There is a decrease in GRI and an increase in NDI absorption 
strength. The ratio of GRI to ND1 absorption intensity is - 2. 
Since conversion between GRI and ND1 must involve equal concentrations of GRl 
and ND1 defects, the ratio of integrated intensity of the absorption peaks of the GR1 
and NDI peak is equal to the ratio in absorption cross section of the defects 
themselves. 
Low resolution absorption measurements of Dyer and du Preez (1965b) indicated a 
ratio of the oscillator strengths of 5.5 - 10, while Davies et aL (1992) derived a value 
of 4.0 + 0.2 by charge transfer analysis and absorption analysis of irradiated type Ib 
and type IaA diamonds. 
Here, the ratio of the absorption strength of the ND I over GRI peak is 2.0 ± 0.3. The 
absorption cross section is larger for negatively charged defects than for neutral 
defects, a fact which is also detected for H3 and H2 defects (Mita el aL 1990). 
Iakoubovskii et aL (2003) observed a ratio in the change of GRI and ND I absorption 
strength of 8, again different from the values obtained in this study and the values of 
Davies et aL (1992). This difference in oscillator strength has significant 
consequences for the proportionality coefficient between the integrated intensity of 
the ZPL peak and the defect concentration. Twitchen et aL (1999) determined the 
oscillator strength of the NDI defect by correlation between EPR and optical 
absorption data. To determined the oscillator strength of the GRI defect, they used 
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the factor 4, determined by Davies (1992). The oscillator strength of the H3 and H4 
and (N-V)' defects have been determined from the oscillator strength of the GR1 
peak. In view of the data presented here and the data of Iakoubovskii et al (2003), 
the oscillator strength of the GRI peak might differ from the value determined by a 
factor of 2: i. e. the actual concentration of neutral vacancies might be twice as large or 
twice as small. Clearly, this point needs further investigation. To relate the data 
presented in this work to other, already published work, we use the factor 4 for the 
ratiofGR, IfND, and keep in mind that the concentration of neutral vacancies, H3, H4 
and (N-V)- might be twice as large or twice as small. 
Finally note the weak decrease in the absorption strength of the 3H defect peak upon 
UV illumination (figure 5.26). 
5.4.2. Influence of bleaching with monochromatic liRht on the UV-VIS svectrum of 
irradiated and hiah temperature annealed (T = 800'C) diamonds 
Prior to illumination with intense light of specific wavelength, the UV-VIS absorption 
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Figure 5.27. The difference between the absorption spectra of sample I before and 
during illumination with UV light (370 nm LED). 
Then the sample was illuminated with UV light from a LED (peak at 370 nm) for 20 
minutes before starting the measurement, through the optical window of the cryostat 
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without removing the sample and keeping the sample at 77 K (-196'C). The spectrum 
was recorded again while the sample was illuminated. 
By subtracting the two spectra, a clear increase in absorption of H3 and a decrease of 
absorption of the 594 mn (2.087 eV) defect is observed (see figure 5.27, table 5.6). 
N3 does not seem to be affected by the UV illumination. The background changes 
also. 
Defect Pre illumination Post illumination Change 
(meV cni") (meV cm") 
594 mn 5.62 ± 0.19 4.93 ± 0.39 -12.3 ± 0.5 % 
H3 21.99 ± 0.40 24.79 ± 0.15 12.7 ± 0.2 % 
H4 3.88 ± 0.04 6.96 ± 0.10 79.4 ± 0.5 % 
Table 5.6. The integrated intensity of the zero phonon lines of the different 
defects in the diamonds before and after UV illumination. 
The integrated intensities of the defects before and after illumination are given in the 
table below. 
The sample was annealed at 5001C (773 K) for 1 hour to bring all peak intensities 
back to their original value. The sample was placed in the cryostat and the absorption 
spectrum was recorded with the sample at 77 K (-196'C). Then the procedure 
described above was repeated but this time the sample was illuminated with a blue 
LED (max. at 470 nm) for 20 minutes. Again differences in the absorption spectrum 
are observed (figure 5.28, table 5.7). 
The changes of the H3 and H4 and 594 mn absorption intensities are in this case 
insignificant (table 5.7). 
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Defect Pre illumination Post illumination Change 
(meV cm") (meV cm") 
594 mn 6.28 ± 0.16 6.60 ± 0.13 5.0 ± 0.5 % 
H3 27.01 ± 0.08 27.73 ± 0.08 2.7 ± 0.1 % 
H4 3.10 ± 0.01 3.01 ± 0.10 3.0 ± 0.1% 
Table 5.7. The integrated intensity of the zero phonon lines of the different defects 
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Figure 5.28. The difference between the absorption spectra of sample I before 
and during illumination with the 470 nm LED. 
5.4.3. Influence of bleachin with monochromatic lijzht on the H1bHIc defects in the 
IR spectrum 
Prior to illumination the IR spectra of samples 1,10 and 1117 were recorded. After 
every illumination, each sample was heated to 500'C (773 K) for I hour to recover 
the intensity of the peak to its original intensity. Leaving the samples in the dark after 
illumination, even for 48 hours, did not change the increased absorption strength of 
the HIb and HIc peaks. The intensities of the peaks can be changed again by white 
light illumination, so special care was taken not to expose the sample to light during 
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Figure 5.29. IR spectra of sample 1 before (middle spectrum), and during 
illumination with the 370 nm LED (top spectrum) and during illumination with the 
470 nm LED (bottom spectrum). 
For sample 1, in situ illumination with UV light (370 rim) doubles the intensities of 
the Hlb and Hlc peaks, while illumination with blue light (470 nin) decreases the 
intensity of the Hlb and Hlc peaks (figure 5.29). It is found that the Hlb and Hlc 
lines behave similarly under monochromatic light illumination and thermal recovery 
in all samples. 
The Hlb and Hlc lines in samples IH7 and 10 display a similar behaviour when 
illuminated with the blue LED (470 nm), but a sample dependent behaviour when 
illuminated with the UV LED (370 nm) (figure 5.30). 
The photo induced change of the Hlb line was measured as function of the 
wavelength of the light, bleaching the defect by changing the wavelength of the light 
with steps of 10 mn. The sample was left in the light beam for more than 30 minutes. 
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Figure 5.30. The percentage change of the Hlb line of sample 1,10 and 1117 
before and after illumination with light of different wavelength. 
The wavelength dependent changes of the Hlb and HIc lines appear to be strongly 
sample dependent (figure 5.29) and do not correlate with the change in absorption 
strength of other defects. No conclusion about the origin of this process can be made 
at this point. 
5.4.4. Results of thennal recovely of UV illuminated diamond 
When samples have been bleached with green (- 500 run) light the original intensity 
of the Hlb and Hlc lines can be recovered by thermal annealing, with an activation 
energy of 770 meV (Shareef and Collins 2003). Since the same, but stronger effect is 
reached by illumination with 470 ran in the present work, the recovery activation 
energy has not been calculated. Instead we focus on the changes induced by UV 
illumination. 
The spectrum of the sample I was recorded before and after illumination at 370 mn, 
and the sample was then annealed at 300'C (573 K) in steps of 30 minutes. In 
between each annealing step the spectrum of the sample was recorded and again care 
was taken not to expose the sample to visible light during transport from the furnace 
to the IR spectrometer. 
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The same procedure as described above was followed with annealing at 300*C (573 
K) (figure 5.31), 400'C (673 K), 500'C (773 K) and 600'C (873 K). However, the 
recovery of the Hlb absorption at 600'C was too rapid to yield meaningful results: 









0 so 100 ISO 200 
Time (min. ) 
Figure 5.31. The recovery of the Hlb defect by annealing at 300'C. The full 
curve is the single exponential decay equation (5.14) fitted to the data. 
In all cases the decay is exponential, indicating that the recovery process is thermally 
activated. The time dependent equation describing the recovery of the Hlb defect is: 
, r) 
(5.4.1) [Hlb](t)=A+B. exp(-y 
withr the decay constant, A and B constants and I the time. 
The activation energy for the process is then found by an Arrhenius plot of the decay 





Figure 5.32. The thermal recovery (T = 600'Q of the integrated intensity of the 
Hlb line in sample 1 after illumination with UV light. The solid curve on the 
figure is calculated from parameters derived at lower temperature. 
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Figure 5.33. The Arrhenius plot of the recovery process of the Hlb defect. 
The linear fit p+q. x of the Arrhenius plot (figure 5.33) gives the following values for 
the A and B parameters: p= -3.70 ± 1.24 and q=4.82 ± 0.81, giving an activation 
energy of 0.416 ± 0.07leV. 
5.5. Undocumented absorption peaks 
In a sample which was HPHT annealed prior to irradiation and heat treatment peaks 
appear in the NIR spectrum at 805 run (figure 5.34) and mid-IR spectrum at 6170 cm"' 
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Figure 5.34. The UV-VIS-NIR absorption spectrum, recorded with the sample at 
liquid nitrogen temperature of the HPHT annealed, irradiated and heat treated 
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Figure 5.35. The mid-IR absorption spectrum, recorded with the sample at room 
temperature of the HPHT annealed, irradiated and heat treated diamond. An 
undocumented peak at 6170 cm" is detected in this sample. 
These peaks are also detectable in colour treated type Ia diamonds which are 
commercially available (Wang et aL 2006). The peaks are not detectable in HPHT 
annealed type Ia diamonds or in irradiated and annealed diamonds (De Weerdt and 
Anthonis 2004); they are only detectable in diamonds which have been HPHT 




5.6.1. Vacancv car)ture bv nitro aen related defects 
The capture efficiency of nitrogen aggregates, in the absence of single substitutional 
nitrogen defects, is very low: only a few tenths of a percent. It seems that the capture 
efficiency of single substitutional nitrogen atoms is very large compared to A and B 
defects. There is a dependence of the captured fraction of vacancies on the 
concentration of the trapping defect when the irradiated diamond is subjected to 
annealing at temperatures over 600'C (873 K). The study of the literature data and 
the annealing behaviour of sample 3 indicates divacancy formation is negligibly small 
when an irradiated type Ia diamond is annealed to high temperature. Other vacancy 
traps like dislocations, cracks and nitrogen aggregates are more important than 
divacancy formation. It should be remarked that vacancies disappear completely by 
high temperature annealing at temperatures above 600'C. Not all these vacancies are 
trapped at nitrogen aggregates but in optically undetectable traps. These traps do not 
release vacancies when the diamonds are annealed to temperatures far above 600'C 
(Collins et aL 2005). 
The kinetics of vacancy capture has been modelled in two different ways. In the first 
model, the A (or B) defect-vacancy complexes need to overcome an energy barrier 
before they can restructure into the N-V-N (or 4N-2V) complex, i. e. the H3 (or H4) 
defect. The vacancy diffuses in the bulk of the diamond with two different diffusion 
rates. 
The second model proposed in this chapter eliminates the need for two different 
diffusion rates for vacancies in type I irradiated diamond. It also accounts for the fast 
loss of strained vacancies. 
5.6.2. The influence of radiation on platelets 
The study of irradiation induced changes of the platelet peak is not only paramount to 
the understanding on the nature of platelets themselves but also on the results of 
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irradiation of type Ia diamond. Clearly the concentrations of interstitials and 
vacancies captured by platelets do not result in a detectable change of the properties 
of the platelet peak. Irradiation of type la diamond with higher dose or multiple 
irradiation and annealing steps to accumulate the effects of vacancy and interstitial 
capture would be highly desirable. 
5.6.3. Photochromic chanaes of radiation induced defects in diamond 
Photochromic changes occur in diamond when illuminated with UV light and the 
measurements reveal a two times larger absorption cross section for NDI than for 
GRL This appears to be common for negatively charged defects as it is also observed 
for H2 and H3 defects, although the effect is not as strong as with the ND I and GRI 
defects. Data in literature has given different ratios of the oscillator strength of the 
GR I and ND I defect, being 4 (Davies et aL 1992) and 8 (Iakoubovskii et al. 2003). It 
is important to carry out further research as the ratio of the oscillator strength of the 
GRI. and NDI peak plays a crucial role in the determination of the proportionality 
coefficients between the H3, H4 and (N-V)' defect concentration and integrated 
intensity of the zero phonon line of the defect. Ideally, the concentration of (N-V)' 
and H2 should be determined independently by EPR and correlated with the oscillator 
strength determined by Davies et al. (1992). However, for reasons that are not 
understood, H2 is not detected using EPR (Mark Newton, personal communication). 
5.6.4. Photo-induced chanRes of the HIb, HIc defect 
The Hlb and Hlc defects can be bleached or intensified by illumination with light of 
a suitable wavelength. The activation energy for the recovery of the defect after 
illumination with UV light is 416 ± 71 meV. It is unclear why the bleaching or 
enhancement of the Hlb and Hlc defects is sample dependent. 
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Chapter Six 
Stability of defects 
annealing 
6.1. Introduction to HPHT annealing 
during HPHT 
6.1.1. Chapter outline 
In this chapter, colour changes in brown type Ia diamond upon high-pressure, high- 
temperature (HPHT) annealing are discussed. Depending on the most abundant 
defects and the concentration of defects present in the diamond, the colour of the 
diamond can change drastically from brown to yellow-green, yellow or even 
colourless. 
The problem of understanding colour changes of HPHT annealed brown type Ia 
diamond can be separated in a number of partial processes: 
- A-defects can dissociate into two single substitutional nitrogen atoms. The 
reaction is reversible and some single nitrogen atoms can re-aggregate. The 
formation of the single substitutional nitrogen defects (C defects) is important; 
these defects are electron donors and thereby can change the mobility of other 
defects (Davies et al. 1992). 
- H3 defects are created during HPHT annealing of brown type Ia diamond, but 
large concentrations of mono-vacancies are not detected before annealing. Thus 
vacancies are released from unknown defects and get trapped at various nitrogen 
aggregates. The vacancy trapping process by various nitrogen aggregates has 
been investigated in chapter five on annealing of radiation damage and this model 
will be extended here to include the dissociation of such defects at relatively low 
annealing temperature (T - 1500'C) as observed by Collins (1980) and Collins et 
aL (2005). 
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- Other nitrogen-vacancy aggregates (H4, (N-V)', (N-V)O) can also dissociate into 
various components during HPHT annealing, thus releasing vacancies and an 
accurate model should include this process. 
Colour changes are thus related to formation and dissociation of defects in diamond 
during annealing. The investigation presented here will start with the basic types of 
processes. In the first part this chapter, a description is given'of the theoretical 
framework of relatively simple defect aggregation-dissociation mechanisms and this 
is illustrated by two examples: 
- A-centre dissociation and re-aggregation is modelled by a combination of first 
order (dissociation) and second order (re-aggregation) processes. The model is 
then extended to include additional factors influencing the A and C defect 
concentrations created during HPHT annealing. These additional factors are 
pressure change and the presence of vacancies introduced by irradiation before 
HPHT annealing. The results of Chrenko et aL (1977), Brozel et aL (1978), 
Kiflawi et aL (1997), Collins et aL (2005) and Collins (1980) are analysed within 
this framework. Additionally, these modelled results are then tested by HPHT 
annealing of colourless type IaA diamonds. 
In the second example, the annealing behaviour of the hydrogen-related 3107 cm" 
defect is studied. This will serve as an example of the annealing behaviour of a 
defect, which is simultaneously created and destroyed, both by first order 
processes. This is in contrast to A defect generation and dissociation of A defects 
into C defects which follow mixed first and second order kinetics. 
The next part of the chapter focuses on the source of the vacancies in brown type Ia 
diamond and the various aggregation-dissociation mechanisms activated by the HPHT 
process and their influence on the colour of the diamond. This will combine the 
knowledge gained from the first parts of this chapter and chapter 5. 
6.1.2. A-defect dissociation 
Since most of the substitutional point defects in diamond are very stable, HPHT 
annealing offers a way of studying the kinetics of defects on laboratory timescales. 
Until now, most of the attention has been directed at defect aggregation (Chrenko et 
aL 1977, Evans and Qi 1982, Kiflawi et aL 1997, Kiflawi and Bruley 2000), but only 
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a few articles have paid attention to defect dissociation (Evans et al. 1995, Brozel et 
al. 1978) and some mention dissociation as a remark (Davies et al. 1997). Brozel et 
al. (1978) and Evans et al. (1995) studied the dissociation of A centres, B centres and 
B' (platelets) defects. This change is accompanied by an increase of C centres (Evans 
et al. 1995). 
6.1.3. Annealing of the hydrogen-related 3107 cm-1 defect. 
Hydrogen is a common impurity in natural diamond, and it can be present in large 
concentrations (Hudson and Tsong 1977, Sellschop 1992). Sharp absorption lines in 
the mid-infrared spectrum of natural diamonds have been attributed to bend (1405 
cm7l) and stretch modes (3107 cm") of C-H vibrations (Woods and Collins 1983, see 
also chapter 4). It has been shown that these absorptions can be introduced by HPHT 
annealing in natural diamond (De Weerdt and Kupriyanov 2002), as well as in some 
synthetic HPHT diamond (Kiflawi et aL 1996), and in diamond grown by chemical 
vapour deposition (CVD) (Charles et aL 2004). However, the strength of the 
absorption lines can also be decreased by HPHT annealing (De Weerdt and 
Kupriyanov 2002). 
Here we investigate the complex behaviour of the 3107 cni" defect in natural 
diamond when subjected to HPHT annealing with temperature over 2000"C. 
Microscopic nuclear measurements have shown that there is no correlation between 
the total hydrogen content and the strength of the 3107 cm" absorption (Sweeney et 
aL 1999). Theoretical calculations have indicated that optically inactive hydrogen 
may reside in the diamond lattice as hydrogen platelets or di-hydrogen molecules, 
similar to the behaviour in silicon (Martsinovich et aL 2003, Newman 1995, Jones 
1995). Calculations have also indicated that hydrogen can be trapped at other defects 
as hydrogen dimers, or in dislocations (Goss 2003, Heggie et aL 2000, Heggie et aL 
2002). EPR measurements have indicated that grain boundaries and other defects 
like, for example, the N-V defect, can trap hydrogen (Goss el aL 2003, Zhou et aL 
1996, Glover et aL 2003). In CVD diamond, hydrogen-related absorption peaks in 
the NIR region, observed in the as-grown material, disappear after HPHT annealing, 
while the 3107 cm" defect is formed (Newton 2005b). This indicates that the 3107 
cm7l defect is more stable than other hydrogen-containing defects in as-grown CVD 
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diamond. In all types of diamond any hydrogen-related defect can, in principle, act as 
a hydrogen source for the formation of the 3107 cm" defect, so it is expected that the 
strength of the 3107 cm7l line can have an initial increase and a subsequent decrease 
when the sample is subjected to multiple HPHT annealing. 
6.1.4. Annealing of brown 13Me la diamonds 
Recent ab-initio calculations of Hounsome et al. (2005a, b) indicated that vacancy 
clusters or disks could be the defects responsible for the brown colour of natural 
diamonds. During plastic deformation, mobile dislocations can leave vacancy trails, 
which can cluster (Leipner et al. 2000). These clusters can evaporate by releasing 
mono-vacancies during HPHT annealing. In type Ia diamonds, this induces a colour 
change: the released vacancies are trapped by A or B defects, which convert to H3 
and H4 defects respectively and this will colour the diamond yellow. Green 
fluorescence due to presence of H3 or H4 defects in the samples will give the 
diamond an overall yellow-green colour (De Weerdt and Van Royen 2000). In 
practice, the concentration of H4 defects in annealed diamonds is very small (Collins 
et al. 2005). C defects, created by dissociation of A defects, act as electron donors 
and negatively charged defects are detected. By trapping of an electron, the neutral 
(N-V)O and H3 centres change into the negatively charged counterparts (N-V)- and 
H2. These negatively charged defects are frequently detected in HPHT annealed type 
Ia diamonds (see figure 6.1). 
The calculations of Hounsome et aL (2005a) show that the formation energy, per 
vacancy, of vacancy clusters or disks decreases with cluster size and levels out for 
clusters larger than 14 atoms. Two saddle points are found for clusters of 6 and 10 
vacancies respectively, without well defined formation energy maxima for clusters of 
5,7,9 or 11 vacancies: the formation energy for clusters of 5 and 6 vacancies differ in 
energy by - 0.6 eV. The calculated total formation energy difference between 
clusters of 14 vacancies and divacancies is - 2.5 eV (Hounsome et aL 2005a). 
Clusters larger than - 200 vacancies are unstable and collapse into dislocation loops 
(Hounsome 2005b, 2006). The presence of vacancy clusters has been determined 
experimentally using positron annihilation by Maki et aL (2005) and Avalos and 
Dannefaer (2003). 
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Figure 6.1. The UV-VIS-NIR absorption spectrum of a brown type Ia diamond 
after HPHT annealing. A weak H2 absorption peak is detectable in the NIR 
spectrum. The NIR spectrum is recorded with the Princeton Instruments 
spectrometer, while the UV-VIS spectrum is recorded with a Varian Cary 100 
spectrometer. 
These vacancy clusters are believed to be created during plastic deformation. Large 
concentrations of vacancies are created during the plastic deformation and precipitate 
into vacancy clusters. Large vacancy clusters grow in size at the expense of smaller 
clusters. This process is known as Ostwald ripening. 
Ostwald ripening has been studied by Lifshitz and Slyozov (1961) and Wagner 
(1961), and that work has been extended and enhanced by several authors (Marsh and 
Glicksman 1997, Carlow et al. 1998, Olive el al. 1996, Madras and McCoy 2003, 
Madras and McCoy 2004, Gusak et al. 2006). It is an important process as this 
describes for example the segregation of different solid state phases, condensation, 
epitaxial crystal growth, ... The Lifshitz-Slyozov-Wagner (LSW) theory describes the 
time dependent asymptotic distribution of cluster size and mass. This process relates 
surface curvature to vapour pressure and chemical potential and requires any particle 
to grow faster than any smaller particle or, put differently, the growth of larger 
clusters from smaller clusters with a higher solubility (IUPAC 1997). The physical 
driving force is the decrease of supersaturation of the vacancies. Thus the mean 
cluster size will grow with increasing temperature for a given period of annealing. 
The mean cluster size can only shrink when sufficient traps for particles evaporating 
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from the clusters are present, for example the surface of the sample (Colombeau et aL 
2003). Thus during HPHT annealing of brown type Ia diamond, small vacancy 
clusters dissociate and large clusters will form as these are the most stable and grow at 
the expense of small clusters. During HPHT annealing, these large clusters may keep 
growing until they collapse into dislocation loops (Hounsome et aL 2005b) or become 
unstable. In due course, vacancies will be removed (evaporate) from the small 
clusters to feed large clusters and occasionally get trapped at nitrogen aggregates, 
forming H3 and H4 defects. 
To summarize, the fate of vacancies evaporated from vacancy clusters can be the 
following: 
- They will migrate to the surface or cracks, dislocations, ... This will probably be 
the dominant process in relatively nitrogen free type II diamond. 
- If the diamond is type Ia, vacancies will be trapped by nitrogen aggregates, giving 
rise to H3 and H4 defects. 
If vacancy clusters are present in brown type la diamond, the vacancy source is finite 
and will be depleted after some time when the diamond is subjected to HPHT 
annealing as the large clusters will collapse into dislocation loops and small clusters 
will dissolve. 
An alternative vacancy source could come from dislocations with climb diffusion 
(chapter 1, section 1.3.4). This should keep producing and absorbing vacancies as 
long as the dislocation is not immobilised or annihilated by a certain (unknown) 
process or reaches the surface. In the absence of vacancy trapping defects, the 
number of generated and absorbed vacancies is equal. Electron microscopy images 
reveal similar densities of dislocations in pre and post annealed type Ha samples 
(Willems et al. 2006), indicating the loss of dislocations is insignificant. So if this 
process occurs, vacancies are constantly generated and absorbed during HPHT 
annealing and the concentration of H3 defects evolves to an equilibrium level. 
Dislocations are also present in all types of natural diamonds (Lang 1967) and climb 
of dislocations during HPHT annealing in colourless type IaA diamonds should also 
generate some low concentration of H3 defects. This is not observed and this strongly 
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indicates that vacancy release from dislocation climb will not be responsible for the 
strong increase of H3 defects in HPHT annealed brown type Ia diamond. 
Platelets are another type of defect, which changes dramatically during HPHT 
annealing of brown type Ia diamond. Platelets consist of planes of interstitial carbon 
atoms and the integrated intensity of the platelet peak correlates with the B defect 
concentration in regular diamonds (Woods 1986, Goss et aL 2003). Therefore it was 
thought that interstitials ejected during the formation of B and N3 defects form 
platelets. This cannot be correct for several reasons: 
-B defect formation has very high activation energy and in Nature this type of 
defect will be created at a slow rate. On the other hand, nucleation and 
precipitation of interstitials into platelets requires supersaturation, but interstitials 
will diffuse out rapidly as the activation energy for interstitial motion is very low 
(- 1.6 eV), so supersaturation will never be reached. 
- Some diamonds with low concentrations of nitrogen contain large ('giant') 
platelets. The low concentrations of nitrogen would be responsible for a low 
concentration of B defects and thus a low concentration of interstitials and small 
platelets. This is in contradiction with the view that B defects are the interstitial 
source for platelets. 
It is therefore more suitable to think of B defects as nucleation sites for platelets. This 
explains the correlation of the integrated intensity of the platelet peak with B defects 
and the giant platelets: regions with low nucleation density and supersaturated with 
interstitials will lead to the growth of large platelets. This hypothesis is supported by 
the fact that platelets are not detected in type IaA diamonds nor in irradiated, HPHT 
annealed type Ha diamond (Allen and Evans 19 8 1). 
For regular diamonds, Woods (1986) observed a correlation between the platelet 
FWHM and the peak position: a platelet peak with a smaller FWHM has a peak 
position maximum at lower wavenumbers. Also, the peak appears to become more 
symmetrical when shifted to lower wavenumbers (Woods 1986). It is also known that 
the peak position of the platelet peak is correlated with the size of the platelet: the 
position shifts to lower wavenumbers when the average size of the platelet increases 
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(Clackson et aL 1990). It is therefore more suitable to think of the platelet peak as the 
envelope of a distribution of absorption peaks with different maxima because platelets 
differ in size. The growth and destruction of the platelet is then similar to growth of 
vacancy clusters: platelets grow by capturing interstitials at the expense of smaller 
clusters and are destroyed when they convert into dislocation loops (Evans et al. 1995, 
Hirsh et aL 1986). 
ýlternatively 
platelets can, in principle, be destroyed when they 
trap a large number of vacancies (Goss et aL 2003). Platelets should be very efficient 
vacancy sinks because of their large size. However, as shown in chapter five, there is 
no evidence for this when an irradiated ([V] -8 ppm) type Ia diamond is annealed at 
- 800 'C. A reduction of the platelet peak and D defect absorption is only observed 
after room temperature irradiation. 
6.2. ExDerimental 
6.2.1. Samples and experimental setuR 
All samples except A12, A14, A17 and the samples with the name starting with ak 
(see below for a description of the samples), were HPHT annealed at Sundance Inc. at 
various temperatures, from 1700'C to 2300'C. The samples with the name starting 
with ak were on loan from professor H. Kanda of the NIMS institute in Japan. These 
samples were HPHT annealed in a BELT type press at 2300'C for five minutes. 
Sample details before annealing are given in tables 6.1 to 6.10 below. The A12, A14 
and A17 samples have been HPHT annealed at the NovaDiamond Inc. facility at 
temperatures of app. 2300'C and pressures of 5-6 GPa. All samples show only 
octahedral growth sectors and the original colour was brown. The total annealing 
time when the temperature goes from 20'C to 2300'C is about 2 to 5 minutes after 
which the power of the electrical heater is turned off, and the HPHT cell is quickly 
cooled to room temperature. Four colourless type IaA diamonds (samples 1-1,4-3,6- 
2 and 7-3) were annealed at high temperature at the DTC Research Centre in a furnace 
under high vacuum (P < 10-6 mbar) at 1700'C for 1 hour and quickly quenched after 
annealing. 
A number of preliminary tests have been carried out to characterise natural diamonds 
of the type used in this study and to determine which annealing conditions are the 
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most suitable for this study. The results of these samples (IH3, IH5,1116, IH7, IH8 
and FDWI) and the characteristics of the samples before any irradiation or annealing 
is given in tables below (table 6.1 to 6.10). 
Infrared spectra of the A12, A14 and A17 samples have been measured with a Bio- 
Rad FTS-40 system. IR measurements on other samples were carried out with a 
Bruker Equinox 55 or a Nicolet Nexus IR spectrometer. 
The UV-VIS-NIR spectra in the range of 400 to 1000 mn of the A12, A14 and A17 
samples were measured using a Princeton Instruments single beam spectrometer. The 
spectra of this instrument cannot be used for quantitative measurements. UV-VIS 
measurements of all other samples were carried out with a Perkin-Elmer Lambda 800 
or a Varian Cary 100 with a resolution of 0.2 mn. The samples were cooled to liquid 
nitrogen temperature with a homemade cryostat. 
The concentrations of different defects before and after every HPHT annealing were 
determined from the IR and UV-VIS spectra as explained in chapter one. All samples 
are type Ia diamonds with various concentrations of A, B, C and D defects. The 
concentrations of the A, B and C forms of nitrogen were determined from IR 
measurements by the procedure described in chapter 1, section 1.6. The procedure for 
the determination of the concentration of C defects by UV-VIS and EPR spectroscopy 
is given in section 6.3.3.4 of this chapter and in section 1.5.3.2 of chapter I 
respectively. 
Measurements were carried out after each HPHT annealing. For the analysis in which 
values of the concentrations of different nitrogen aggregates from the article of Brozel 
et aL (1978) are used, the nitrogen concentrations have been corrected to reflect the 
newer values of the calibration coefficients. 
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6.2.2. SamDles used 
6.2.2.1. Samples to measure the C defect concentration in natural type Ia diamonds 
A number of samples were measured by IR, EPR and UVNIS spectroscopy to 
determine the concentration of C defects in natural, colourless and brown type IaA 
and brown type IaB samples. The concentrations of various nitrogen defects are 
given in table 6.1. 






[A] (ppm) [B] (ppm) 
Sample 8-1 0 0 0 1003 0 
Sample 8-2 0 0 0 913 41 
Sample 8-3 0 0 0 271 228 
Sample 2-1 0 0 0 176 4 
1D1 0 0 0 66 8 
1BI 0 0 0 113 0 
1 B2 0 0 0 129 0 
1B3 0 0 0 141 is 
Bib 0 0 0 8 116 
A184b 0 0 0 0 203 
Table 6.1. The concentrations of the different forms of nitroCYen in natural, 
colourless and brown type IaA and brown type IaB samples. No C defect 
concentration could be detected. The uncertainty in the concentration of the 
defects, determined by IR measurements is 10%. Uncertainty in the concentration 
of C defects determined by EPR and UV-VIS measurements is 25 % and 27 % 
respectively. 
As one can see, none of the measurements revealed detectable concentrations of 
single substitutional nitrogen defects before annealing. To determine low 
concentrations of single substitutional nitrogen a correlation has been determined 
between the absorption coefficient at 400 rim in the UV-VIS spectrum and the 
concentration of C defects as determined by analysis of the IR spectrum and the 
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concentration of C defects as determined by EPR measurements. This investigation is 
carried out in section 6.3 of this chapter. 
62.2.2. Preliminary tests 
Preliminary HPHT experiments on brown type IaA/B diamonds with [A] << [B] were 
carried out on six samples IH3, IHS, IH6, lH7 and lH8. They were cut from one 
piece of rough diamond, and an additional sample FDWI was cut from a different 
piece of rough diamond. The optical windows were polished on the samples, taking 
care that different growth layers were as perpendicular as possible to the optical beam 
path of the spectrometers. The annealing temperature of samples FDWI and IH3 was 
1900*C, of samples IH5 and IH6 was 2100'C, and of samples lH7 and 1118 was 
2300'C. The concentrations of nitrogen defects before annealing are summarized in 
table 6.2. No C defects were detected after any HPHT annealing at 1900'C. 
Sample [C] [Ar] [A] [B] Integ. Int. Platelet 
(ppm) (ppm) (ppm) (ppm) (cid') 
FDWI 0 0 20 60 23 
IH3 0 0 45 215 95 
IH5 0 0 45 208 106 
IH6 0 0 42 97 44 
IH7 0 0 49 118 51 
IH8 0 0 49 312 160 
Table 6.2. The concentrations of the different nitrogen related defect 
concentrations in the 11-13,11-15 to IH8 and FDWI diamonds, before annealing. 
The uncertainty in the defect concentration is 10%. UPHT annealed at 2300'C for 
5 minutes at Sundance Inc. 
These samples (FDWI, IH3 and IH5 - 1118) were annealed twice at Sundance Inc., 
every time for 5 min. Absorption measurements were carried out on the samples after 
every annealing. 
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Three relatively colourless type Ia diamonds (ak928a8, ak929al and ak9252al) were 
annealed for 5 minutes at 2300"C in the Belt press at NIMS, and were used to study 
the A defect dissociation. 
The samples annealed at NIMS were three light yellow type Ia diamonds with [A] >> 
[B]. The concentrations of the different nitrogen aggregates are given in tables 6.3 
and 6.4. 
Sample Iq [N] [A] IBI 
(ppm) (ppm) (ppm) (ppm) 
ak928a8 47 0 441 148 
ak929al 44 0 553 138 
ak9252al 15 0 164 640 
Table 6.3. The concentrations of the different nitrogen related defect 
concentrations in the A diamonds, HPHT annealed at 2300'C. The uncertainty in 
the defect concentration is 10%. 
No H3 was detected in the ak series of HPHT annealed diamonds. Three (nearly) 
type IaA samples were HPHT annealed at 2300'C for 3 minutes to generate C defects 
nitrogen. 
Sample [C] [N] [A] [B] 
(ppm) (ppm) (PPM) (ppm) 
Sample 2-2 0 0 176 5 
Sample 9 0 0 526 35 
Sample 10 0 0 551 84 
Table 6.4. The defect concentrations in type Ia diamonds before HPHT annealing 
at 23 OO'C. The uncertainty in the defect concentration is 10%. 
62.2.3. Brown type laA diamonds 
Four brown type IaA diamonds were HPHT annealed twice at 2100T. In each 
annealing run the diamond is at 21 OO'C for three minutes. Increased absorption of H3 
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defects was detected after the first annealing. No B defects or platelets were observed 
prior to annealing, and after the first and second annealing, a weak platelet peak is 
observed (figure 6.2). Weak H2 absorption was also detected after HPHT annealing 
(see figure 6.3). The absorption strength of both defects decreased after the second 
annealing. The concentration of the nitrogen related defects as detected in the IR 
spectrum is given in table 6.5 and the changes of the H3 and N-35 concentrations are 
given in figures 6.4 and 6.5. 
Sample [C] (ppm) [C] (ppm) [A] (ppm) [B] (ppm) Integr. int. platelets 
uv-vlS IR (CM-2) 
lDl 0 0 66 8 0 
lBl 0 0 113 0 0 
lB2 0 0 129 0 0 
lB3 0 0 108 0 0 
Table 6.5. The concentrations of the nitrogen aggregates in the brown type IaA 
samples before HPHT annealing. The uncertainty in the concentration of the 
defects, determined by IR measurements is 10%. Uncertainty in the concentration 
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Figure 6.2. The IR spectrum of sample IB2 before, after the first and second 
HPHT annealing. No platelet peak is detected before annealing but is present after 








Figure 6.3. The UV-VIS-NIR absorption spectrum of a light brown type IaA 
diamond before and after the first and second HPHT annealing at 2100'C, for 35 
minutes. No N3, H3 or H2 peak was detected before annealing, but were present t. 








Figure 6.4. The N3 defect concentration of the samples IB1,1 B2, I B3 and IDI 
before and after two subsequent HPHT annealings. 
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Figure 6.5. The H3 defect concentration of the samples IBI, IB2, IB3 and IDI 
before and after two subsequent HPHT annealings. 
No N-V defects could be detected in the UV-VIS absorption spectra after the two 
successive annealing steps. 
6.2.2.5. Brown type laAlB diamonds [A] < [B] 
The three yellow-green HPHT annealed diamonds, on loan for research purposes from 
the NovaDiamond Inc. company, had low A defect concentration and high B defect 
concentration (table 6.6). No pre-annealing measurements had been carried out. All 
these diamonds showed high concentrations of C defects and strong H3 and H2 
absorption. 
Sample [c] [A] [B] 
(ppm) (ppm) (ppm) 
A12 9.6 133.2 83.7 
A14 19.8 69.5 145.2 
A17 24.7 48.0 115.7 
Table 6.6. The concentrations of the different forms of nitrogen in the samples 
annealed at 2300'C and 5-6 GPa. All concentration values have a± 10 % 
uncertainty. 
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62.2.6 Brown type la, 41B diamonds [A] << [B] 
Further tests were carried out on a sample set of type IaA/B diamonds with [A] << 
[B]. By polishing optical windows almost parallel to (I 11) surfaces a reduction of the 
errors due to defect inhomogeneity was reduced. In this way, none of the samples 
displayed visible colour inhomogeneity; i. e. there are no visible colour bands in the 
diamond. 
The samples were selected from two different sets, so-called top light brown and light 
brown diamonds. The top light brown diamonds are the least intensely coloured, 
while the light brown diamonds are more saturated in colour. These are the two 
lightest brown colour grades of the Argyle production. 
This sample set is divided in two groups: one group (samples tlb-1,3,5,6,7 and lb-1, 
2,3,5 6) and the second group (tlb-2,4 and lb-4,7,8). The first sample set was 
subjected to a series of 3 minute anneals at 2100'C. The second sample set was 
similarly subjected to a series of 3 minute anneals at 2200'C. Sample tlb-2 broke 
after the first annealing. 
The variation of the (N-V)- defect concentration with time is given in figures 6.6 and 
6.7. The concentration of (N-V)- defects is only detectable after long annealing at 
2100"C and relatively shorter annealing time at 2200'C. The change of N3 defect 
concentration appears to be strongly sample dependent (figures 6.8 and 6.9). The H3 
defect concentration increases strongly and then decreases at longer annealing time 
(figures 6.10 and 6.11) and is clearly a transient defect. H4 defects were not observed 
in any of the absorption measurements. 
The concentrations of the nitrogen related defects, as determined from the IR 
spectrum are given in table 6.7. Sample tlb-7 has additional absorption, starting under 
the nitrogen one-phonon part and up to - 1480 cm"; as a consequence the 
concentrations of nitrogen aggregates and the integrated intensity of the platelet peak 
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Figure 6.6. The (N-V)' defect concentration as function of annealing time for 
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Figure 6.7. The (N-V)' defect concentration as function of annealing time for 
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Figure 6.8. The N3 defect concentration, relative to the initial concentration, as a 













Figure 6.9. The N3 defect concentration, relative to the initial concentration, as a 
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Figure 6.10. The H3 defect concentration of the samples, HPHT annealed at 






Figure 6.11. The H3 defect concentration 
V 
the samples, HPHT annealed at 









tlb-1 0.0 12.8 251.7 92.8 
tlb-3 0.0 17.7 416.8 276.3 
tlb-5 0.0 11.8 106.9 24.6 
tlb-6 0.0 29.8 95.1 52.4 
tlb-7 ---- ---- ---- ---- 
lb-I 0.0 21.5 419.3 259.7 
lb-2 0.0 9.8 357.6 116.4 
lb-3 0.0 13.1 158.9 47.0 
lb-5 0.0 7.7 330.9 96.5 
lb-6 0.0 10.9 388.3 112.1 
tlb-4 0.0 30.4 529.6 322.5 
lb4 0.0 14.1 345.7 98.3 
lb-7 0.0 14.8 55.3 22.7 
lb-8 0.0 30.4 137.9 56.6 
Table 6.7. The concentrations of the different nitrogen aggregates, detected in the 
IR spectrum of the brown type IaA/B ([A]<<[B]) diamonds before annealing. 
Samples tlb-1,3,5,6,7 and lb-1,2,3,5,6 are annealed at 21000C in steps of 3 
minutes and sample tlb4 and lb4,7 and 8 are annealed at 2200"C also in steps of 
3 minutes. There are no values for the sample tlb-7 because of strong background 
absorption in the one-phonon region, making the decomposition unreliable. The 
uncertainty in the defect concentration is 10%. 
62.2.7. Brown type laB diamonds 
Four type IaB (Bla, Blb, A184a, A184b) diamonds were cut from 2 rough diamonds 
and of each sample pair, one sample was annealed at 2100'C and the other at 2200'C. 
Sample BIb had a very low concentration of A defects prior to annealing (8 ±I ppm) 
and turned yellow after HPHT annealing at 2200"C. The UV-VIS and IR absorption 
spectrum clearly identified the presence of C defects (5 ±1 ppm). Very weak H4 
defect absorption was detected in the UV-VIS absorption spectrum of all samples and 
was comparable with the intensity of the H3 absorption. None of the samples 
displayed platelet absorption in the IR spectrum (figure 6.12). 
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Figure 6.12. The IR spectra of a brown type IaB diamond before HPHT 
annealing. Note the absence of a platelet peak in the IR spectrum. 










Blb 0 0 0 8 116 
A184b 0 0 0 0 203 
Bla 0 0 0 0 183 
A184a 0 0 0 0 199 
Table 6.8. The nitrogen aggregate concentration as detected by IR, EPR and UV- 
VIS in the type IaB diamonds before HPHT annealing at 2100*C (samples Blb 
and A184b) and 2200*C (samples Bla and A184a). The uncertainty in the defect 
concentration is 10%. Uncertainty in the concentration of C defects determined by 
EPR and UVNIS measurements is 25 % and 27 % respectively. 
6 2.2.8. HPHT annealing of irradiated type Ia diamond 
Four irradiated type Ia diamonds (6 MeV, 1.1017 e'/cM2 or 8 MeV, 8.1018 e-/cM2) were 
HPHT annealed at 2100'C (sample 14), 22001C (sample 2) and 2 samples at 2300'C 
(samples 6-1 and 4-2) respectively. Each sample was annealed for three minutes. 
The irradiation conditions and the concentrations of A and B defects are given in table 
6.9 below. 
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Sample [c] [A] [B] Irr. energy Iff. dose 
(ppm) (ppm) (ppm) (MeV) (e-/cm 2) 
Sample 2 0 660 243 6 1.1011 
Sample 14 0 107 60 8 8.10" 
Sample 4-2 0 973 53 8 8.101' 
Sample 6-1 0 552 89 8 8.10" 
Table 6.9. The concentrations of nitrogen aggregates of colourIess type la 
diamonds, before irradiation and HPHT annealing. The irradiation conditions of 
each diamond are given in the last two columns. The uncertainty in the defect 
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Figure 6.13. The UV-VIS absorption spectrum at room temperature of sample 6-1 
before and after HPHT annealing at 23001C. 45 
These are the same samples as in chapter five. After HPHT annealing, only sample 
14 showed weak H3 absorption. The samples annealed at temperatures above 2100'C 
have a spectrum similar to one shown in figure 6.13. 
6.2.2.9. Samples HT and HPHT annealed at 1700'C 
To study the influence of pressure on the dissociation of A defects, four colourless 
type IaA diamonds were annealed at 1700'C under vacuum and five colourless type 
IaA diamonds at 1700'C but under stabilizing pressure of 7.5 GPa. 
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The samples annealed at 1700'C for one hour under vacuum were graphitised on the 
surface and had to be repolished and the thickness of two samples was reduced by 20 
ýtm, while the thickness reduction of two other samples was 170 and 200 ýtm 
respectively on a total sample thickness of -3 mm. There is a comparable thickness 
loss when the diamond is HPHT annealed. One sample broke during annealing. EPR 
measurements were only carried out after annealing. A slight increase in the UVNIS 
absorption of the samples was detected after annealing (figure 6.14). 
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Figure 6.14. The room temperature UV-VIS spectra of colourless type IaA 
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Figure 6.15. The UVNIS spectrum recor3ed at room temperature of a colourless 
type IaA diamond (sample 4-1) before HPHT annealing at 1700'C for 15 minutes 
and for 45 additional minutes (the total annealing time was I hour). t, 
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The samples annealed at 1700'C under stabilizing pressure of 7.5 GPa were annealed 
for 15 minutes and additionally annealed for 45 minutes, making the total annealing 
time also one hour. The UV-VIS spectra are shown in figure 6.15. EPR 
measurements were carried out after the first and second HPHT annealing (see section 
6.4 of this chapter). 
The concentrations of nitrogen related defects are given in table 6.10 below. 






After HT annealing at 1700'C, Ih 
Sample 1-1 0.6 0.5 0 
Sample 4-3 0.5 0.4 0 
Sample 6-2 broken ---- ---- 
Sample 7-3 0.6 0.3 0 
After HPHT annealing at 1700'C, IS min 
Sample 1-2 0.4 0.3 0 
Sample 4-1 0.5 0.6 0 
Sample 5-2 0.0 0.0 0 
Sample 7-1 0.2 0.2 0 
Sample 7-2 0.1 0.1 0 
After HPHT annealing at 1700*C, total time: 1h 
S=ple 1-2 broken ----- ----- 
Sample 4-1 2.5 2.9 0 
Sample 5-2 0.8 0.1 0 
Sample 7-1 1.0 0.6 0 
Sample 7-2 1.5 0.8 0 
Table 6.10. The concentrations of nitrogen aggregates of colourless type I&A 
diamonds, after HT and HPHT annealing at 1700'C. Uncertainty in the 
concentration of C defects determined by EPR, IR and UVNIS measurements is 
25%, 10% and 27% respectively. 
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A final note: none of the non-irradiated, colourless samples annealed at 1700'C under 
pressure or in vacuum or higher temperatures displays detectable concentrations of 
nitrogen-vacancy defects. 
6.3. A centre dissociation 
6.3.1. Introduction 
When type I diamonds are subjected to HPHT annealing at moderate temperature (T - 
1500 to 1800'C), C defects will be mobile and can aggregate as A defects. The 
reaction describing this process is: 
C+C+->A (6.3.1) 
Annealing at moderate temperature will favour the forward reaction (Woods 1994), 
and the reaction has been modelled by Chrenko et aL (1977) and Kiflawi et aL (1997) 
as a second order reaction: 





with [C(t)] the concentration of C defects after time t and k the rate constant. The 
solution of this differential equation is: 
II 
-= Ec(t)] [C(O)] 
(6.3.3) 
Kiflawi et aL (1997) carefully investigated the II[C(t)] behaviour and confirmed the 
second order reaction of C defect aggregation in the temperature range they used to 
anneal the diamonds, consistent with the result of Chrenko et aL (1977). They were 
very careful to eliminate errors due to sample inhomogeneities. From their study, 
they determined an activation energy for nitrogen aggregation of 5.5 ± 0.7 eV. 
Exponential pre-constants were sample dependent and are linked to other impurities in 
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the synthetic diamond sample. Their influence is significant: the rate constant can 
differ by a factor of 10 (Kiflawi et aL 1997). Curiously enough, neither of the pre- 
constants (1.19 1010 Hz or 0.4 cm-1 and 1.59 1011 Hz or 5.3 cm-) is a resonant 
vibration frequency of C defects in diamond. 
Brozel et aL (1978) also detected C defects after annealing of natural type Ia diamond 
at temperatures in excess of 1900'C. Annealing at higher temperature clearly activates 
the backward reaction in equation 6.3.1. The C defect concentration is thus 
determined by mixed first order (dissociation) and second order (aggregation) 
kinetics. The purpose of this section is to investigate the single substitutional nitrogen 
concentration produced by mixed first order aggregation and second order 
dissociation kinetics of the reaction. 
6.3.2. Theoretical 
The equation describing the kinetics is the separable first order differential equation 
d[C(t)] 
= -KI 
[C (t)]2 + 2K2 ([C (0)] - 
[C (t@ (6.3.4) 
dt 
[C(t)] is the concentration of C centres, (C(O) - C(t))/2 is the concentration of A 
centres. The first term on the right-hand side describes the aggregation of single 
substitutional nitrogen atoms into A centres. The second term describes the 
dissociation of A centres into C centres. KI and K2 are the rate constants for 
aggregation and dissociation respectively. The solution of the equation describes a 
complicated behaviour of C as a function of time, aggregation and dissociation 
coefficients. The equation can be substantially simplified by keeping in mind that the 
concentration of C centres in our analysis is low, so the complicated C-dependent part 
can be approximated by the constant and linear terms of the appropriate Taylor series. 
The solution is then: 
f-f. exp(-kt) (6.3.5) 
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Wheref and k are constants and t is the annealing time. The constant k is equal to 
K2 
2+ 
i8K, K2 T[C (70 T] (6.3.6) 
To demonstrate the validity of equation 6.3.5, the variation of [C(t)] with time has 
been calculated numerically from equation 6.3.4, using the plausible values [C(O)] = 
100 ppm, Ki = 10-4 (ppm)-1 s-1 and 2K2 = 10-3 s-1. The values obtained are shown by 
the continuous curve in figure 6.16. The dashed curve has been calculated from 
equation 6.3.5, where f has been chosen so that both curves have the same final 
amplitude and k has been adjusted so that both curves pass through the point f (1 - 
Ile). It can be seen that there is a negligible difference between the two curves in 
figure 6.13, and this is true over a wide range of the parameters [C(O)], Ki and K2. The 
value of k used for the dashed curve in figure 6.13 is 4.63 x 10-3 s-1; because of the 
approximations made, this differs somewhat from the value 6.40 x 10-3 s-1 calculated 
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Figure 6.16. Concentration of C centres as a function of time, calculated 
numerically from equation 6.3.4 (continuous curve). The dashed curve is the 
function given in equation 6.3.5 (see text for details). 
The binding energy of the nitrogen atoms in the A centres can be calculated from the 
equation (Allen and Evans 19 8 1, see also chapter 1, section 1.3.2): 
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[A], 
q = g. exp(AHIkBT) [Cleq (6.3.7) 
Here the [Al, q is the A centre concentration in ppm, [qeq is the C centre concentration 
in ppm at equilibrium, g is a constant, AH is the binding energy of the A centre, kB is 
the Boltzmann constant and T is the temperature in Kelvin. 
6.3.3. Results and discussion 
63.3.1. Analysis ofpublished results 
First the results of Brozel et aL (1978) are analysed. In that work the C centre 
concentration was measured before and after HPHT annealing. The annealing was 
carried out at different temperatures and figure 6 in the article of Brozel et aL (1978) 
displays the results of the annealing as a function of annealing time. Here those data 
are fitted with a function with three different, independent parameters: 
P-Q exp(-Rt) (6.3.8) 
A close fit to the data can be reached (see figure 6.17 and figure 6.18) and in each 
case the parameters P and Q are equal within the uncertainty. The parameters P and Q 
are then constrained to be equal. In the first seconds to minutes, when the high 
temperature is reached during the HPHT annealing, only dissociation occurs because 
of the lack of C centres; consequently the reaction is close to first order kinetics. The 
dissociation rate constant can then be calculated and the Arrhenius plot indicates a 
value of 5.6 ± 1.4 eV for the activation energy. This activation energy is effectively 










Figure 6.17. The fit with equation 6.3.8 to the data in figure 6 of Brozel et aL 
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Figure 6.18. The fit with equation 6.3.8 to the data in figure 6 of Brozel et al 
(1978) for a sample annealed at T= 20401C and P=8.5 GPa for various periods of 
time. 
The binding energy can also be found by plotting ln([A]/[C]2) versus 1000/T and 
fitting the data by a linear function. From these data a value of 7.66 ± 0.6 eV is 
determined (see figure 6.19). This is in agreement (within the standard deviations) 
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Figure 6.19. The binding energy as derived by fitting the ln([A]/[C]2) VS. I OOO/T 
plot with a linear function, using data from Brozel et aL (1978). A value of 7.66 
0.6 eV is determined for the binding energy. 
In the experiments of Brozel et aL (1978) the concentrations of C centres did not 
change significantly for heating times longer than approximately 10 to 15 minutes and 
the values for the calculation of the binding energy are taken from concentration 
measurements after HPHT annealing in such timescales. The values of the C centre 
concentrations after annealing in timescales of a few minutes, which were used for the 
calculation of the activation energy fitted by a first order dissociation process, are 
more dependent on the experimental parameters like the sizes of the samples, the 
exact annealing conditions, heating and cooling rate, etc. Consequently the activation 
energy determined from figures 6.17 and 6.18 has a larger uncertainty than that for the 
binding energy derived from figure 6.19. The weighted average of these two values, 
7.3 ± 0.6 eV, is in agreement with the theoretically calculated value of 7-8 eV 
(Mainwood 1994). The pre-constant is e 33.84 ± 2.30 Hz/ppm. The pre-constant for the 
aggregation rate constant is e 23.85 4: 1 Hz, deduced from average values of Kiflawi et aL 
(1997) and Chrenko et aL (1977). Deviations from the second order behaviour was 
not observed by Kiflawi et aL (1997), so the values should be reasonably accurate, but 
caution should still be given to these values as they are deduced for synthetic 
diamonds where nickel and cobalt could enhance the aggregation rate (Kiflawi et aL 
1998). 
To check the validity of the determined activation energy and vibrational pre- 
constant, further tests were carried out by HPHT annealing of colourless type IaA 
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diamond at 2300'C for 3 minutes. Simulation of the created C defect concentration 
with time indicates that the equilibrium concentration is reached after - 30 s annealing 
(see figure 6.20), so the concentration of C defects in the HPHT annealed diamonds 
are the equilibrium concentrations. The correspondence between the predicted and 
experimental concentrations of C defects is reasonably good, considering the 
relatively large uncertainty on the applied temperature, pressure and sample 
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Figure 6.20. Simulation of the concentration of C defects as function of annealing 
time of sample 9. 
The concentration of C defects and A defects at various times of samples annealed at 
2300'C can be simulated numerically by the following equations, which couple the C 
and A defect concentration as function of time. 
d[C(t)] 





[C(t)]2 -kd,.,, [A(t)] (6.3.10) dt 
with k,, gg,. and kd,,, the aggregation and dissociation rate constant. The rate constants 











All parameters can be deduced from the data of Kiflawi et aL (1997) and De Weerdt 
and Collins (2003): the activation energies E,, g,, and Ed,,, are equal to 5.5 ± 0.7 eV and 
7.3 ± 0.6 eV respectively. kB is the Boltzmann constant and T is'the temperature in 
Kelvin. 
B defect formation is left out of the equation, as B defect formation only occurs at 
higher temperatures (T > 2500'C); the results from Brozel et aL (1978) and Evans et 
aL (1995) show that well detectable B defect dissociation requires temperatures of at 
least 2500'C. Also, the temperatures and timescales used in the experiments are also 
too low for B centre formation. The influence of pressure and vacancies on the total 
C defect concentration generated during HPHT annealing will be discussed in next 
sections. 
6 3.3.2. Analysis ofbrown type Ia HPHT annealed diamonds 
No pre-annealing measurements were preformed on the three additionally studied 
diamonds A12, A14 and A17. However from data collected of hundreds of brown 
type Ia diamonds which were used as starting material for these samples, it is 
expected that the C centre concentration is well below 1 ppm since there is no 
detectable trace of it in the infrared spectrum. The samples were annealed for a few 
minutes at conditions below the diamond-graphite equilibrium line and the HPHT cell 
probably did not reach thermal equilibrium in this timescale. When comparing the C 
centre concentrations in samples A12, A14 and Al 7 with those in the samples used by 
Brozel et aL (1978), we see that a concentration approximately 5 times larger has 
been produced in half the annealing time (table 6.6). So annealing at lower pressure 
enhances the dissociation rate roughly by a factor of 10. A potential error in the 
analysis lies in the fact that the temperature is not precisely known within ± 100'C 
and a higher temperature would give rise to a higher dissociation rate and thus to a 
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higher concentration of C centres. In order to be certain that pressure is the 
influencing factor, we extrapolated the analysis of the results of Brozel et aL to a 
100'C higher. The dissociation rate would then increase roughly by a factor of 4 and 
so we are certain that the relatively large uncertainty of the temperature is not the 
cause of the higher dissociation rate of A centres in the NovaDiamond annealed 
samples. The higher dissociation rate may be caused by a pressure-dependent change 
of the pre-factor in the Arrhenius equation or a pressure dependent change of the 
binding energy of the A centre. At this stage, there are insufficient experimental data 
to determine which parameter is influenced by the lower pressure used in the 
NovaDiamond HPHT annealing. The influence of pressure is investigated in section 











Sample 2-2 3 30 29 0 21 
Sample 4-2 3 54 52 0 47 
Sample 6-1 3 60 59 0 38 
Sample 9 3 42 46 0 37 
Sample 10 3 40 41 0 38 
ak928a8 5 47 0 42 
ak929al 5 --- -- 46 0 45 
ak9252al 5 --- -- 15 0 21 
Sample 6-1 broken ----- ----- 
Sample 96 45 48 0 37 
Sample 10 6 48 42 0 38 
Table 6.11. The calculated and experimental concentration of C defects after 
annealing at 2300*C. The uncertainty in the concentration of the defects, 
determined by IR measurements is 10%. Uncertainty in the concentration of C 
defects determined by EPR and UVNIS measurements is 25 % and 27 % 
respectively. 
270 
6.3.3.3. Analysis of the colourless and near colourless type Ia HPHT diamonds 
Five colourless type IaA diamonds (samples 2-2,4-2,6-1,9 and 10) and three near- 
colourless type Ia diamonds have been HPHT annealed at 2300'C and at a pressure of 
8 GPa. The five colourless diamonds were annealed by Sundance in a cubic press and 
the three near-colourless diamonds were HPHT annealed at NIMS in a BELT press. 
Samples 6-1,9 and 10 were annealed a second time to check if the C defect 
concentration had reached the equilibrium value. The C defect concentrations did not 
change significantly after the second HPHT annealing (table 6.11). 
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Figure 6.21. The UV-VIS spectrum of sample Bla after HPHT annealing at 
2200'C for 6 minutes. Only very low concentrations of H3 and H4 defects are 
detected. 
Sample Annealing [C] (ppm) [C] (ppm) [N] (ppm) Predicted [C] 
time (min) EPR IR IR (ppm) 
Bla 
Table 6.12. The calculated and experimental concentration of C defects after 
annealing at 2200'C for 6 minutes. The sample is a type IaB diamond with low 
concentration of A defects before annealing (5 ppm). There is a good agreement 0 
between the calculated concentration of C defects and the measured concentration 
of C defects. The uncertainty in the concentration of the defects, determined by IR 
measurements is 10%. Uncertainty in the concentration of C defects determined 
by EPR is 25 %. The UV-VIS absorption spectrum is shown in figure 6.2 1. 
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For every sample, the ln([A]/[C]2) value has been calculated and compared with the 
data of Brozel et al. (figure 6.22). 
0 
Figure 6.22. The data of the eight HPHT annealed type la diamonds and the one 
light brown type IaB diamond overlaid on the Arrhenius plot of the data of Brozel et 
al (1978). The red circles are the values from the samples of the A series, the black 
open triangles are of the colourless type IaA diamonds and the blue open circle is the 
datapoints of the light brown type IaB with some A defects diamond. The error bar 
on the left is the uncertainty on the measurements. 
6.3.3.4. Determination of low concentrations of C defects in HPHT annealed 
diamond 
Samples were annealed at 1700'C in vacuum (HT) and under stabilizing pressure of 7 
GPa (HPHT) to study the influence of pressure on the aggregation of C defects and 
dissociation of A defects in diamond (see next section). This lower temperature will 
also cause a lower C defect equilibrium concentration, which cannot be determined 
from IR measurements. This is because of the relatively low sensitivity of IR 
measurements. Therefore, a correlation has been made between the concentration of 
C defects, as determined from IR measurements and the absorption at 400 nm (or 3.10 
eV) after HPHT annealing of colourless type IaA diamonds. From the extrapolation of 
this data, one can determine concentrations of down to a few hundred ppb of C 
defects, provided no N-3 3 defect absorption is present. 
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Figure 6.23. The absorption coefficient at 400 nin and the concentration of C 
defects in ppm as determined from the IR absorption spectrum. The two lowest C 
defect concentration datapoints are taken from Sumiya and Satoh (1996). The 
proportionality coefficient between the absorption at 400 nm and the concentration 
of C defects is 2.00 ± 0.04. 
The eight type Ia diamonds HPHT annealed at 2300'C described in the previous 
section, a yellow synthetic sample and data of Sumiya and Satoh (1996) have been 
used to establish a correlation between the C defect concentration determined by IR 
and the absorption coefficient at 400 mn. Only absorption spectra of cubic growth 
sectors of synthetic diamonds were used, as the octahedral growth sectors are known 
to contain increased concentrations of nickel with additional broad absorption in the 
visible region (Furusawa and Ikeya 1990, Collins and Spear 1982). 
For every measurement a metal mask was made to select an optical window on the 
appropriate part of the diamond and it was left in the mask for the IR and the UVNIS 
absorption spectrum ensuring the measurement was made through exactly the same 
part of the sample. The results are given in figure 6.23. 
This correlation enables us to estimate the concentration of C defects in samples 
annealed at low temperature (T = 1700T, see section 6.4 of this chapter). We note 
that no N-V or H2 defects were detected in the UV-VIS absorption spectra of the 
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colourless natural type IaA HPHT annealed samples. N+ is also absent because of the 
absence of electron trapping defects like vacancies, H2 and N-V defects. 
The concentration of C defects in the samples annealed at 1700T has also been 
determined by EPR measurements, following the procedure described in chapter 1, 
section 1.5.3. 
6.4. Influence of pressure 
As discussed in Chapter 1, section 1.3.2.3. Pressure has an influence on the observed 
activation energy for the dissociation of A defects and equation 6.3.7 changes into 
(see chapter 1, section 1.3.2.3. ): 
[A] 
=f. exp 





[A] and [C] are the A and C defect concentrations respectively, E, ' is the binding 
energy of the A defect, P is the pressure in GPa and VA and VC are the total volume of 
the A and C defects respectively. The volume difference between the A and C defect 
is between 0.03 and 0.4 times the volume of a carbon atom in the diamond lattice (see 
chapter 1, section 1.3.2.3). The effect of pressure changes on the activation energy is 
small: it is of the order of 0.012 eV for 1 Giga Pascal change in pressure (for the 
numerical values see chapter 1, section 1.3.2.3). The Gibbs free energy changes (see 
chapter 1, section 1.3.2.3): 
E,, +P (Vc - 
VA) (6.4.2) 
The equation 6.4.1 becomes: 
(7.3 + 0.012 . P(in GPa) . 





The dilatation coefficient of the A defect, m is between 1.22 and 1.05 and the 
dilatation coefficient of the C defect is n=1.35 ± 0.10. The concentrations of C and 
A defects are the absolute numbers of defects in the diamond. The total effect is that 
the concentration of C defects should increase when annealing under pressure, 
however the effect should be too small to be observed experimentally (see chapter 1, 
section 1.3.2.3). 
This is experimentally verified and to remove the influence of vacancies or other 
impurities as much as possible, colourless type IaA diamonds with negligible 
concentrations of B defects have been subjected to annealing at 1700'C at 7 GPa and 
0 GPa. 
In sample 4-3, annealed at 1700'C in vacuum for one hour, the total created C defect 
concentration is 0.5 ppm, while in sample 4-1, cut from the same rough diamond, the 
total concentration of C defects created during HPHT annealing at 1700'C for one 
hour is 2.5 ppm. The colour of this diamond changed to very light yellow. 
Table 6.13 summarises the concentrations of C defects in the samples after 1 hour 
annealing at 1700T at high temperature and zero pressure and at high temperature 
and high pressure. 
From the limited dataset, it appears that annealing under high pressure of type IaA 
diamond results in a greater increase of the C defect concentration compared with the 
samples annealed under vacuum. However, the effect appears to be larger than 
indicated by equation 6.4.3. because the numerical values of the parameters are very 
small (see also chapter 1, section 1.3.2.3. ). Further research should be carried to 
investigate if the increased concentration in the HPHT annealed samples is a 
consequence of the difference in dilatation of the A and C defect or if other 
parameters are important. 
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After HPHT annealing at 1700'C, Ih 
Sample [C] UVVIS [q EPR [A] IR 
(ppm) (ppm) (PPM) 
Sample 1-2 broken ----- ----- 
Sample 4-1 2.504 2.930 993 
Sample 5-2 N3* 0.075 232 
Sample 7-1 0.952 0.640 839 
Sample 7-2 1.476 0.794 793 
* this sample had N3 in the UV-VIS absorption spectrum 
After HT annealing at 1700'C, Ih 
Sample [C] UVVIS [C] EPR [A] IR 
(ppm) (ppm) (ppm) 
Sample 1-1 0.640 0.495 751 
Sample 4-3 0.481 0.384 721 
Sample 6-2 broken ---- ---- 
Sample 7-3 0.555 0.319 705 
Table 6.13. The concentration of C defects of different samples after HPHT and 
HT annealing at 1700'C for I hour. Sample starting with numbers 1,4 and 7 were 
cut from the same rough diamond. Sample 5-2 had too high concentration of N3 
defects before annealing, making the determination of C defect concentration from 
the UV-VIS spectrum unreliable. The uncertainty in the concentration of the 
defects, determined by IR measurements is 10%. Uncertainty in the concentration 
of C defects determined by EPR and UVNIS measurements is 25 % and 27 % 
respectively. 
6.5. HT annealina of irradiated pre-annealed diamonds 
6.5.1. Study of irradiated type I diamonds, annealed at high temperature (T - 1500'C) 
and low pressure (P << I GPa) 
During HPHT annealing of brown type Ia diamond, various nitrogen-vacancy 
complexes (H3, H4, ... ) formation and dissociation processes occur and are coupled 
as both processes will be activated at elevated temperatures. Also A defects will 
dissociate into C defects. The C defect acts as an electron donor and gives rise to 
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negatively charged defects, some of which are less mobile than their neutral 
counterparts (for example VO and V (Davies 1992)). To eliminate the interference 
between a large number of processes, a study of HT annealing of irradiated diamond 
is the most suitable. Here we study the results of irradiation and annealing up to 
1600'C (Kiflawi et al. 1997, Collins 1980, Collins et al. 2005) for different types of 
diamond. 
Vacancies introduced by irradiation will increase the aggregation rate of C defects 
into A defects, by successive trapping and releasing of vacancies (Collins 1980). 
Since the precise mechanism is not known, this vacancy-enhanced aggregation is 
modelled by taking only a fraction A of the N-V and C defects into account. The 
frequencies of the main phonons interacting with the N-V and H3 defects are taken as 
vibrational pre-factors in the rate constants involving dissociation of the N-V and H3 
defect, respectively. The data of Kiflawi et aL (1997) and Collins (1980) can 
adequately be simulated by solving the differential equations: 
d[V(t)] [V (t)] +k [H3 (t)] + k2 
[(N 
- V)- (t)] dt (6.5.1) 
-kl, f ,,,, 
(1 
- 
(a [A (t)] +y [C (t)])) [V (t)] 
[(A V) (t)] [A (t)] [V (t)] - k3 
[(A 
- V) (t)] - k, f dt ,,, 
[(A 
- V) (t)] (6.5.2) 
d[H3(t)] 





= -ak, f ,,, t 
[A (t)]. [V (t)] - kd,.,, [A(t)]+, Y2k,, gs, [C(t)]2 dt (6.5.4) 
+k4[H3 (t)] + k5 [C(t)] [(N - V)- (t)] 
d[C(t)] 
= -k,, gg, 





- V)- (t)] + k2 
[(N 
- V)- (t)] 
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[(N (t)] 
= yklf (t)] dt , ý, 
[C (t)]. [V (t)] - k2[(N - V) (6.5.6) 
The r. h. s. of the first equation (6.5.1) describes the diffusion of vacancies created by 
the irradiation (first term), the vacancies originating from dissociated H3 defects 
(second term), the vacancies from dissociated N-V defects (third term), and the loss of 
vacancies to surface, cracks and other stable traps (fourth term). This last term can be 
neglected as it will be shown below that a negligible fraction of vacancies is lost 
during annealing at 1500'C. 
The first term of the r. h. s. of equation 6.5.2 describes the trapping of vacancies close 
by the A defects and formation of the AN structure, the second term describes the 
restructuring of the AN combination into a H3 defect, the last term describes the 
vacancies diffusing back into the bulk of diamond, away from the AN structure. 
Equation 6.5.3 describes the formation of H3 and dissociation of H3 defects. The 
right hand side of equation 6.5.4 describes the loss of A defects by AN structure 
formation (first term), the dissociation of A defects (second term) the increase of A 
defects by re-aggregation (third term), the increase of A defects by the removal of the 
vacancy from the H3 defect (fourth term), and the vacancy enhanced re-aggregation, 
which is. proportional to the C and N-V defect concentration (fifth term). The C 
defect concentration varies with time (equation 6.5.5) due to the formation of A 
defects (r. h. s. first term), dissociation of A defects (r. h. s. second term), N-V defect 
formation (r. h. s. third term), vacancy enhanced re-aggregation (r. h. s. fourth term), and 
dissociation of N-V defects (r. h. s. fifth term). The last equation (6.5.6) describes the 
formation of N-V defects and the dissociation of N-V defects. 
kjpg, kdi,, and k,, g,, have already been determined in chapter 5 and in section 6.3 of 
this chapter, and the activation energies for the other reaction rate constants are found 
by fitting the equations until the values for nitrogen aggregation in irradiated and 
unirradiated synthetic type lb diamonds, and the reduction of N-V and H3 defects, are 
in agreement with the experimental data obtained by Collins (1980) and Kiflawi 
(1997) (figures 6.25 and 6.26). 
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Factors a and y have been detennined in chapter five and are inversely proportional 
with the concentration of A (C) defects and pre-factors a (g), i. e. a= (a[A])" (ory = 
(g[C])"). The same factors will be encountered throughout this chapter, i. e. a for A 
defects, fi for B defects and y for C defects and are calculated as described in chapter 
five. The factor J is the fraction of N-V defects involved in the vacancy assisted 
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Figure 6.24. Simulation of the A and C defect concentrations of samples 
irradiated and annealed at 15001C (Collins 1980) with equations 6.5.1 - 6.5.6. 
Collins (1978,1980) observed the creation of H3 defects in irradiated (1.0 1018 e-/cM2' 
2 MeV, [V] -7 ppm) and annealed type Ib synthetic diamonds. These diamonds were 
heated to 800'C for 2 hours after irradiation and then annealed at 1500'C for 4 hours. 
No H3 was detected before annealing at 1500'C, only [(N-V)'] (- 6.5 ± 0.7 ppm) 
defects. This concentration of (N-V)' defects decreased by a factor or -3 after 
annealing at 1500"C and a very weak H3 ZPL peak could be detected in the UV-VIS 
spectrum, corresponding to a defect concentration of -I ppm. The spectral range did 
not include the region with H2 absorption; however from the decomposition of the IR 
spectrum one can determine the concentration of H2 defects supposing that N-V 
defects and H2 defects are the major electron traps present in the sample. The 
concentration of H2 defects is then estimated by comparing the concentration of [NJ 
(- 5 ppm) with [(N-V)'] -2 ppm; there would then be -3 pprn of H2 defects. The 
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total concentration of vacancies trapped at nitrogen (in (N-V)- defects) or nitrogen 













Figure 6.25. The data of Collins (1978) on N-V and H3 defect concentrations in 
irradiated and annealed type Ib diamond. The data of Collins (1980) of figure 6.24 
is fitted with same parameters. 
The activation energy used in the simulation with equations 6.5.1 - 6.5.6 for the 
vacancy assisted aggregation is 5.2 ± 0.2 eV and the (N-V)- dissociation energy is 5.2 
eV ± 0.5 eV. With these values, one can simulate the behaviour of H3 and (N-V)' 
defects (figure 6.25). 
Collins (1980) also reported a decrease of the H3 peak intensity by a factor -3 in a 
type IaA diamond which was irradiated and heated with a similar procedure. From 
this data, the dissociation energy of the H3 defect can be estimated to be 5.1 ± 0.2 eV 
in good agreement with the value used here in the simulation of H3 dissociation in 
type Ia diamond. This value is also equal to the activation energy for the vacancy- 
assisted aggregation, which is very plausible. If vacancy assisted diffusion occurs, H3 
will be created, and subsequently destroyed, leaving an A defect. If this last step is 
the rate-limiting step, then this step should have the highest activation energy, equal to 
the activation energy for vacancy-assisted aggregation. 
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One of the irradiated (10 ppm of vacancies) type lb samples of K. Iakoubovskii, 
described in chapter 5 was annealed at 800'C and then at 15001C for I hour and 
additionally for 3 hours at 1500'C. A simulation of the A and C concentrations after 
I hour and a total of 4 hours with parameters identical to those used in the previous 
simulations give a close fit to this experimental data (figure 6.26). 
For reasons of clarity the concentrations of the A and C defects after 1 hour and 4 
hour annealing at 1500'C are repeated here. The initial concentration of C defects 
was 160 ± 16 ppm. After I hour and 4 hours annealing, 15 ±2 ppm and 48 ±5 ppm 
of A defects were detected. The simulation indicates 14 ± 10 ppm and 37 ± 20 ppm 




. 2) O 
Figure 6.26. The simulated concentration of the A defect concentrations after I 
hour and 4 hours annealing at 15001C of an irradiated type lb diamond. 
This discrepancy can be attributed to the presence of nickel in the diamonds, which 
can enhance the aggregation rate (Kiflawi et al. 1997 and 1998). A very weak 658 
nm nickel related absorption line was detected in the samples. This second, nickel 
related, enhanced aggregation mechanism is not included in the simulations. 
A remark should be made here: from the UV-VIS spectrum, a concentration of (N-V)- 
of 6.2 and 6.0 ppm could be detected after annealing at 800'C and after annealing at 
1500'C for I hour respectively. No H3 was detected, but a very weak peak at 871 
mn, the local mode of the H2 peak, can be detected. Again, this clearly indicates 
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almost all vacancies are retrapped by the C defect after being released from the H3 
defect. This justifies, together with the data of Collins (1980), neglecting the vacancy 
loss term (fourth term in equation 6.5.1). 
6.5.2. Study of irradiated and high temperature annealed (T - 1500'C) type I 
diamonds at various pressures (R up to 10 GPa) 
Kiflawi et aL (1997) observed a decrease in the percentage of aggregated nitrogen 
when irradiated synthetic type Ib diamond samples ([C] - 280 ppm) were annealed at 
the same temperature (T= 1500'C) but with increasing pressure up to 10 GPa. In this 
study Kiflawi et aL observed after 4 hours - 60 %, - 30% and 4% aggregation of C 
defects into A defects when electron irradiated diamonds were annealed under 
vacuum, or under pressure of 7 GPa and 10 GPa respectively. From this variation of 
degree of aggregation, for a diamond with aC defect concentration of 280 ppm, one 
can deduce an increase of the Gibbs energy for aggregation for annealing at 7 GPa 
compared to annealing under vacuum, equal to - 0.4 eV and - 0.6 eV when annealing 
is done at 10 GPa (figure 6.27). For annealing under vacuum of irradiated diamond, 
the activation energy for C defect aggregation is - 5.1 eV. This corresponds very well 
with the calculated change in activation energy for the vacancy assisted nitrogen 
aggregation process (- 5.2 eV) as estimated from Collins (1980). It should be noted 
that the experimental activation energies for nitrogen aggregation have been 
determined for annealing under high pressure. 
When pressure is decreased, the A defect dissociation energy also changes, but 
lowering the dissociation energy by 0.6 eV, which is twice the calculated change of 
the aggregation activation energy, does not change the kinetics of A defect 
aggregation (figure 6.28). 
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Figure 6.27. The concentrations of A and C defects in samples with 280 ppm of C 
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Figure 6.28. A change in the dissociation activation energy of the A defect does 0 
, gregation at 
T= 1500*C. The curves have not change the kinetics of C defect ag 
been displaced by 10 ppm for clarity. 
Annealing at high pressure appears to suppress the vacancy enhanced diffusion effect 
significantly and this effect will be neglected in further simulations. 
6.5.3. Summa 
From these simulations, a summary can be made of the vibrational pre-factors and the 
activation energies involved in vacancy-enhanced nitrogen aggregation of irradiated 
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type lb, diamond under vacuum. The values of the vibration pre-factors and the 
activation energies are given in the table 6.14 below. 
Rate constant Process Vibrational pre-factor Activation energy 
(11z) (eV) 
vacancy diffusion 7.1 109 2.3 ± 0.2 
ki H3 dissociation 9.91012 5.1 ± 0.2 
k2 N-V defect diss. 1.6 1013 5.2 ± 0.5 
k3 AN struct. diss. 7.1 109 2.5 ± 0.2 
k4 Vacancy enh. agg. 7.1 109 5.2 ± 0.2 
k,, gv A defect agg. const. 2.31011 5.2 ± 0.7 
kdi.,, A defect diss. const. 5.01014 7.0 ± 0.6 
Table 6.14. The activation energies and the vibrational pre-factors determined 
from the simulations of the annealing behaviour of the A, C, H3 and (N-V)' 
defects in irradiated and high temperature (T - 1500*C) annealed type lb diamond. 
Only the activation energy and vibrational pre-factors for nitrogen aggregation and 
dissociation will be used in section 6.7 on the HPHT annealing results of brown type 
la diamond. The values will be increased by 0.3 eV as the annealing is done under a 
stabilizing pressure of 7 GPa. The activation energy of the H3 dissociation will be 
determined in that section as the influence of pressure on the H3 defect is unknown. 
6.6. Optical studv of the annealing behaviour of the 3107 cm-1 defect in natural 
diamond 
6.6.1. Experimental 
The fourteen type Ia brown samples from the tlb and lb sample series were used in 
this study. Each diamond has different concentration of aggregated nitrogen in the A, 
B forms and D absorption strength. The samples were annealed at high pressure (P = 
7 GPa) and high temperature (T > 20000C) at Sundance Inc., using a prismatic press 
(De Weerdt et aL 2004). 
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The initial concentrations of the A and B defects at 1282 cm-1 and the integrated 
intensity of the platelet peak are summarised in table 6.7. The hydrogen-related 
absorption peak at 3107 cm*1 was fitted with a Lorentz function after subtraction of 
the diamond spectrum. The integrated intensities of this peak in the 14 specimens are 
listed in table 6.15. The 1405 cni" defect displays a similar behaviour to that of the 
3107 cm" absorption line after successive HPHT annealings. This similarity could 
only be reliably verified for the samples tlb-3 and lb-5, the samples with the strongest 
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Figure 6.29. The hydrogen-related absorption lines at 1405 and 3107 cm7l before 
(top) and after the final (bottom) HPHT annealing of sample tlb-3. The ratio of the 
intensities of these lines is similar after each annealing, and both have been 
reduced to approximately 75% of their initial intensities after the final annealing. 
6.6.2. Results and discussion 
All results and observations made here, and those reported in the literature, can be 
explained if there is an infrared-inactive hydrogen reservoir, from which hydrogen 
can be released, and subsequently trapped at a carbon atom, to form a 3107 cm" 
defect. However, the 3107 cm" defect itself is not stable at the high temperature used 
during the HPHT annealing; consequently there is a simultaneous dissociation of the 
defect. 
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As stated in the introduction of this chapter and chapter 1, section 1.3, there are 
different hydrogen-containing defects in diamond. Each of these will have a specific 
activation energy and dissociation rate constant for the release of the hydrogen atom 
because the binding force between the hydrogen atom and the remainder of the defect 
will differ. This is true, even for hydrogen dimers, because the binding energy of the 
hydrogen atoms in the bonding and anti-bonding sites will differ. As a consequence, 
in the aggregation-dissociation model of the 3107 crd' centre, below, we have 
assumed that the aggregation of hydrogen to form the 3107 cni" defect is a first order 
process with one rate constant. In a given diamond this will be a weighted average of 
different rate constants, because concentrations of the hydrogen sources are different 
for each sample. As a consequence, there is no physical significance in attempting to 
calculate the activation energy for the aggregation or dissociation process. 
Time 
(min) 
tlb-I tlb-3 tlb-5 tlb-6 tlb-7 lb-I lb-2 lb-3 lb-5 lb-6 
0 5.24 11.02 8.35 5.08 6.87 5.35 6.35 6.82 11.21 8.43 
3 3.18 8.59 2.54 3.07 6.90 3.06 3.48 4.15 7.17 4.61 
6 3.17 8.76 2.54 3.41 5.76 3.31 3.16 4.83 6.66 3.85 
9 3.03 8.27 2.76 2.80 6.22 2.89 2.94 4.87 6.60 3.47 
12 2.78 7.90 2.47 3.01 4.98 2.41 2.90 4.92 6.09 2.99 
15 2.59 7.89 2.54 br 3.65 2.57 2.51 4.91 br 3.06 
Time 
(min) 
tlb-4 lb-4 lb-7 lb-8 
0 8.52 5.34 3.95 4.71 
3 5.48 1.85 6.01 1.90 
6 4.50 1.43 1.65 1.52 
9 4.36 1.41 1.49 1.47 
12 4.00 1.35 0.89 1.69 
Table 6.15. The tables give the integrated intensity in CM-2 of the 3 107 crrf 1 line 
before (time t= 0) and after subsequent HPHT annealing (at times t=3,6,9,12 
and 15 min) at 2100"C (top table) and at times t=3,6,9 and 12 min at 2200*C 
(bottom table). The uncertainties are ±5%. The "br" means the sample broke 
during annealing. 
In addition to this sample-dependence, deviations between the calculated values of the 
different dissociation and aggregation rate constants are partly due to the fact that 
temperature gradients in the HPHT cell will result in a slightly different annealing 
temperature for each sample. 
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For ease of analysis, all data are nortnalised with respect to the initial value of the 
integrated intensity of the 3107 cm" defect. 
662.1. Aggregation-dissociation kinetics of the 3107 cm-1 defect 
The model is based on the proposal that there is a hydrogen reservoir in the diamond, 
and that, during HPHT annealing, this reservoir will release hydrogen atoms, which 
will be trapped to form 3107 cm"l defects until the reservoir is depleted. This 
situation is described by two coupled differential equations, similar to the radioactive 
decay of a parent element to a daughter element, which further decays to a 
granddaughter element. In our case, the 3107 cm7l defect would be the "daughter 
element". We will refer to the model as the Two Stage Decay (TSD) model. The 
differential equations describing the kinetics are: 
dH Lt) 




Here a is the fraction of hydrogen atoms released by the hydrogen source and 
converted into a 3107 cm" defect, E(t) is the concentration of the 3107 cm" defect at 
time t, H(t) is the concentration of the hydrogen in the source at time t, ki and k2 are 
the aggregation and dissociation rate constants. E(O) and H(O) are the initial 
concentrations of the 3107 cm71 defect and the hydrogen source respectively. The 
coupled differential equations for E(t) can easily be solved by the use of Laplace 
transforms (Abramowitch and Stegun 1972). The Laplace transformation transforms 
a coupled differential equation into a set of algebraic equations, and the inverse 
transformation gives the solution of the differential equation. 
Using the Laplace transform for a first order differential equation of a function N 




becomes, after Laplace transforming: 
SN (s) -N (0) - -AN (s) (6.6.4) 
The Laplace trmuformation of equations 6.6.1 and 6.6.2 gives two algebraic 
equations: 
311(s) - 1/ (0) - -k, /I (S) (6.6.5) 
SE(s)-E(O) - k-Iall(s)-kz2E(S) (6.6.6) 
Solving to function E(s) 
k(S) - 
klall (3)+ £(0) 
(s+kl ) 




Using the Inverse Laplace trwuformations on equations 6.6.5 and 6.6.7 
to-l- I cxp(-at)-cxp(-fll) 
cxp (-at) and (s + a)" (n - 1) 1. (s+a)(s+fl) a) 
gives 
11 (t) -11 (0) c(A-1) 
(6.6.8) 
E(t)- E(o)c4, ' a 
E(O) k, (6.6.9) 
2SS 
Equation 6.6.8 describes the release of hydrogen from the hydrogen source. The first 
term on the right hand side of equation 6.6.9 describes the dissociation of the initial 
concentration of 3107 eel defects. Thc second term describes the aggregation and 
simultaneous dissociation of the 3107 cm" defect, %%-here the hydrogen originates 
from a finite hydrogen source %%hich is undetectable using infrared absorption. 
There are two cases of interest: 
In the first case. the dissociation rate is the higher and ki << k2. The concentration of 
the 3107 cm" defcct has a strong initial decrease and a weaker decrease uith longer 












Figure 6JO. T%o cases of Interest: a) Ahcre dissociation dominates the kinetics, 
W b) %here Aggregation of the 3107 caf 'defect Is dominan Ineachgraphthe 
dottcJ cun a represents the dissociation of the Initial 3107 cm7 1 concentration, the 
broken cun-a represents the aggregation W dissociation of the 3107 cnfl defect 
AM the full cun a Wicates the total concentration. It is assumed that the hydrogen 
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IFIgurt 6.31. Three examples of dampoints from s=plcs annealed at 2100*C (a), 
and No examples of data from samples annealed at 2200"C (b), fitted with 
equation 6.6.9. The lower curves In figure 6.3 1a and 6.3 1b have been shifted for 
clarity. 
In the second case. the aggregation and dissociation rates are almost equal. There %vill 
be an initial increase, and then a decrease, in the concentration of the 3107 cm"' defect 
(figurc 6.30b). Only two samples (tlb-7 and lb-7) display this behaviour. 
umple llb-I t1b. 3 llb-S tlb-6 t1b. 7 lb-I lb-2 lb-3 lb-5 lb-6 
Cill(O) 250: t 463 1 200: t 160 170 316 399 726 175 39 ± 
100 150 ISO 90 50 20 200 150 20 20 
0,001 0,003 0.006 0.014 0.020 0.008 0.004 0.002 0.014 0.048 
0.001 0.001 0.002 0.004 0.005 0.003 0.001 0.001 0.002 0.002 
Aj 3.18 :t 3.36: t 3.40i 3.3 8 :t 3.2 81 3.98 ± 3.24 ± 3.04 ± 3.76 ± 3.10 ± 
0.59 0.12 0.11 0.16 1.00 0.80 0.02 0.70 0.80 0.14 
0.914 0.992 0.999 0.974 0.925 0.983 0.992 0.910 0.997 0.996 
sample t1b4 lb4 lb-7 lb-8 
CLII(O) 131 ;t 13 59125 113 t 15 75 ± 13 
At 0.052 10.001 0.072 10.001 0.432 ± 0.001 0.074 ± 0.001 
Aj 9.36 11.5 1 1010 ± 2.10 9.22: t 1.00 11.22 ± 1.10 
? 0.991 0.999 0.979 0.997 
Table 6.16. The paranwters used in equation 6.6.9 to fit the d3mpointsý normalized 
Ulth respect to the Initial Integrated Intensity of the 3107 cm" "e. The Chi 
square value of Is also Shen. 
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Equation 6.6.9 was added as a user defined equation in the fitting routine of Origin 
7.0 soft%%-are and %%-as used to fit the datapoints (figurc 6.31). The values of the 
parameters all(O), k, and k2 used in the fitting are summarised in table 6.16. 
6.6. ZZ 11pirogen source - nitrogen correlation 
From the limited dataset, it can be seen that the total hydrogen concentration in the 
hydrogen source, proportional to coefficient all(O) is not correlated Aith the total 
nitrogen concentration of the s=plcs (figurc 6.32a). Also, figures 6.32b and 6.32c, 
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Figure 6.32. The fsctor proportional to the initial hydrogen concentration in the 
hydrogen source as function of the Initial (a) total atomic nitrogen concentration, 
(b) D defect concentration and (c) A defect concentration. 
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6.7. Colour chan$! es in HPHT annealed brown tvl)e la diamonds 
6.7.1. Initial experiments 
Before HPHT annealing, all UVNIS spectra of the brown diamonds show a typical 
increasing absorption with shorter wavelength and a broad absorption band at 550 - 
560 nm. This broadband absorption, centred at 550 - 560 mn, is typical for brown 
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Figure 6.33. A typical absorption spectrum of a brown diamond before (bottom) 
and after (top) HPHT annealing. Both H3 (ZPL at 503.2 nm) and N3 (ZPL at 415 C, 
nm) defect concentrations increase after HPHT annealing. Spectra have been 
shifted for clarity. 
The samples annealed at 1900'C temperature did not display a visible change in 
colour, and only a weak increase in the H-3 absorption was detected. Samples 
annealed at 2100'C showed a strong increase of H-33 absorption. The samples 
annealed at the highest temperature (2300'C) displayed a lower increase of H3 
absorption compared to the samples annealed at 2100'C (figure 6.34) and a relatively 
high C centre absorption in the IR spectrum. A summary of the properties of the 
diamond samples is listed in table 6.2. 
The second annealing of the diamonds was performed in order to check if the 
concentrations of the defects indeed reached their thermodynamic equilibrium. For 
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the samples annealed at 2300'C, only minor changes of H3 and C defect 4n 
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Figure 6.34. UV-VIS absorption spectra of the samples annealed at 1900'C (a), 
2100'C (b) and 2300'C (c). Three spectra were recorded for every sample. In 
every set, the bottom, middle and top spectra are the pre HPHT annealing, after the 
first and second HPHT annealing, respectively. The spectra have been shifted for 
clarity. Note the change in the shape of the absorption spectra below 325 nm for 
the samples annealed at 21 OO'C and 2300'C, caused by the onset of the broad UV 
absorption band at 270 nm due to C defects. There is also a strong increase in the z: 1 
N3 absorption when the samples are annealed at 2300'C. 
These experiments indicate the following: at 1900'C, a low concentration of 
vacancies is generated because of the low temperature. These vacancies are highly 
mobile at the high temperature, and are trapped by an A defect or aB defect, or 
various other traps (dislocations, surface, platelets, ... ). These vacancies, trapped at A 
defects, give rise to the observed weak increase in the concentration of the H3 defects. 
The strength of the H-3) peak increases gradually with every annealing. H4 appears to 
be unstable at these conditions or higher temperatures as it is not detected and this is 
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consistent with Collins et aL (2005). A weak increase of N3 is detected after 
annealing at 1900'C. 
At 2100'C the vacancy source generates vacancies easily, while the first traces of 
N-V centres appear. These latter defects are only detectable by photoluminescence 
measurements. The vacancies are again trapped at A and B defects, giving H3 and H4 
respectively and again H4 is not detectable as it is unstable. The strength of the 
platelet peak decreases with increasing annealing time (see figure 6.35). 
H3 defects are also unstable at these conditions and consequently the strength of the 
H3 peak initially increases and then decreases during subsequent annealing. 
At 2300'C the vacancy source is rapidly exhausted during the first few minutes of the 
annealing. Again the H3 defect concentration is increasing during the initial moments 
of the HPHT annealing because of the generation of vacancies, and decreases rapidly 
as the H3 defect dissociates. The maximum of the generated mono-vacancies and H3 
defect concentration is reached in a shorter time than five minutes and consequently 
the H3 defect concentration will ftirther decrease upon subsequent annealing and the 
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Figure 6.35. IR spectra of a sample prior to, after the first and second annealing at 
2100*C. The platelet peak decreases in strength and a peak at 1344 cm" (see 
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Figure 6.36. Schematic representation (not to scale) of the different processes 
during the HPHT annealing of type Ia brown diamond. Figure 6.36. a represents the 
processes, which occur when the diamond sample is annealed at relatively low 
temperature T: 5 1900'C. A low concentration of mono-vacancies is created due to 
dissociating of a vacancy source. At higher temperatures (I 900'C <T< 2200'C), 
the same processes occur as at low temperatures, and a low concentration of NV 
defects is also created; this is due either to the dissociation of H3 defects into N+ 
NV or the dissociation of A defects into N+N and subsequent trapping of a 
vacancy. Because the vacancy source is depleted after a certain time, no increase 
of H3 should be observed after some time during the annealing (Figure 6.36. b). At 
high temperatures (T > 2300'C) a high concentration of NV centres is created 
because a large concentration of C defects is created from dissociated A defects 
(6.36. c), which will trap the mono-vacancies. Figures d, e and f are the H3 and 
(N-V)- defect concentrations of samples IH3, IH6 and IH8 respectively from 
which the schematic representation (6.37. a - c) is derived. 
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From these initial experiments and published results (Collins 1980, Collins et aL 
2005), it is clear that the H3 defect is a transient defect and can be removed by HPHT 
annealing at a suitable temperature. The observations can be explained when a finite 
vacancy source is present. Vacancies are generated during HPHT annealing and 
diffuse rapidly to traps like nitrogen aggregates, dislocations, ... and when the source 
is depleted the generation of H3 defects stops, but the H3 defects still dissociate. At 
low temperature (- 1900'C) the vacancy source will slowly release the vacancies and 
subsequent annealing of the sample will gradually increase the H3 defect 
concentration. At 2100'C, the vacancy source will dissociate at a moderate rate and 
this will give rise to an initial increase in H3 defects and a subsequent decrease of H3 
defects. At 2300"C, the decay of the vacancy source and generation of mono- 
vacancies is very fast. The decay of H3 will also be fast and as a result the H3 defect 
concentration will increase and decrease quickly. 
Clearly a number of the aggregation/dissociation processes are linked to each other 
and this gives serious complications on both the analysis of the processes and their 
influence on the final colour of the diamond after HPHT annealing. Increasing the 
temperature also increases the number of activated processes, which further 
complicates our analysis. Except for the samples annealed at 1900'C, the H3 defect 
concentration, created after annealing for 5 minutes is higher than the concentration of 
H3 defects after 10 minutes annealing. This indicates that the created H3 defect 
concentration might not be at its maximum after 5 minutes annealing: it is situated on 
the lowering flank in of the H3 concentration curves in figure 6.36b. The increase of 
H3 at 1900'C is slow and steady, indicating it is still on the increasing flank of the H3 
defect concentration curve in figure 6.36a. Therefore other annealing experiments 
were carried out with the shortest experimental significant time interval, which is 
three minutes. The temperatures (2100 and 2200'C) are chosen so that results can be 
obtained after a reasonably short annealing time and the first datapoints should be 
located close to the maximum of the H3 concentration generated. By adopting this 
method we hope to resolve the maximum of the generated H3 defect concentration 
and the rising and decreasing flank of the H3 defect concentration curve as function of 
time. 
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To investigate the influence of different defects (A and B defects) on the H3 
formation and dissociation in brown type Ia diamonds, the samples have been divided 
into four different groups, and have been HPHT annealed at 2100'C or 2200'C 
respectively: 
- Group I consists of the tlb and lb samples, HPHT annealed at 2100'C with 
intervals of 3 minutes. 
- Samples of group 2 are the tlb and lb samples, HPHT annealed at 2200'C with 
intervals of 3 minutes. Samples of groups I and 2 are the same samples as in 
section 6.5 of this chapter. 
- Group 3 consists of the brown type IaA diamonds (IDI, IBI to lB3), annealed at 
21 OO'C for 3 minutes to study the generation and dissociation of H3 defects. 
- Group 4 consists of 4 type IaB brown diamonds (Bla, Blb, A184a, A184b), 
sample pairs cut from 2 different diamonds. One half of each pair was annealed at 
2100T, the other half at 2200T for 6 minutes. The purpose of this experiment 
was to generate H3 defects by dissociation of H4 defects. 
One additional brown type IaA/B sample was cut into two plates, nearly parallel to 
(100) (samples 2a and 2b) and one of the samples (2a) was annealed at 1900'C for 20 
h. 
In the analysis of the data of the samples of group I and 2, we investigate the 
parameters influencing the H3 formation. We will start with the vacancy formation 
by release of vacancies from the vacancy source, and the effects of formation and 
dissociation of H3 defects by the capture of a vacancy by A defects, release of the 
vacancy and retrapping of vacancies by an A defect. Finally perturbations to the H3 
defect formation and dissociation kinetics by the presence of H4 defects is 
investigated. 
6.7.2. Correlation between the degree of the brown colour of a type la diamond and 
the created H3 concentration 
Because the H3 defect ZPL and side band are superimposed on the side of the 550 nm 
centred absorption band, the integrated intensity of this band cannot be taken as a 
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measure of the concentration of the defect causing the absorption. Instead, the 
absorption coefficient at 550 run is taken as a measure of the degree of brown colour 
of the diamond. 
After the first HPHT annealing, a very strong increase in the H3 concentration is 
observed (figure 6.34) and the underlying broadband absorption, is removed. From 
the results of the samples of group 1,2 and 3, an increasing trend between the 
increase of the concentration of H3 defects after the first annealing, and the intensity 
of the brown colour of the sample prior to HPHT annealing can be observed (figure 
6.37). This indicates that the defect responsible for the brown colour of the diamond 
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Figure 6.37. Analysis of the samples of the preliminary annealed samples and 
samples of groups 1,2 and 3) show a correlation between the increase of H3 
concentration and the saturation brown colour of the sample prior to HPHT 
annealing. The black squares are the datapoints of the samples annealed at 
2100'C, red circles are of the samples annealed at 2200'C and the blue triangles 
are datapoints of brown type IaA samples annealed at 21 OO'C. 
Stress and slip patterns in brown type Ia diamonds can be visualised by keeping the 
diamond between polarizing filters (Collins et al. 2000). In some commercially 
available HPHT annealed type la diamonds, green 1-133 luminescence can be observed. 
In some cases, these green luminescent lines appear to be correlated with the plastic 
deformation patterns. CL line scans on the surface of natural and HPHT annealed 
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brown diamonds should prove this correlation, thereby linking the plastic deformation 
to the generation of vacancies in brown type Ia diamond. 
Regions for line scans on samples 2a and 2b were selected from CL images (figure 
6.38 and 6.39). A spectral region between 365 and 630 nm was selected which allows 
clear identification of the presence of N-33 defects with a zero phonon line at 415 rim 
and the H3 defect. The CL spectra of each line scan are shown in figure 6.41 (sample 
2a, after annealing) and 6.40 (sample 2b, before annealing). In sample 2b, an 
additional defect related to the plastic deformation (Collins et al. 2000), with a ZPL at 
490.7 run can also be detected, with elevated concentrations pinned at lines through 
different growth regions of the diamond. Also, increased concentrations of H3 
defects are located close to the same lines. In sample 2a, (after HPHT annealing) an 
overall increase of the concentration of H3 defects is detected and an even stronger 
increase of the H3 defect concentration is located at lines in the diamond, similar to 
that in sample 2b, which run through different growth sectors of the diamond, 
indicating that vacancies are created and trapped by nitrogen aggregates close to 
plastically deformed regions in the diamond during the HPHT annealing. 
F- . W, v 
Figure 6.38. Cathodo luminescence image of the surface of sample 2b (before n 
annealing) monochromatized at 530 nm. The white line indicates where the CL 
line scan has been done. The angle between the octahedral growth horizons with 
<110> direction on the nearly (1001 surface and lines where the line scan is 
measured is - 23' so the lines are parallel with the <21 O> direction (see also figure 
6.44). 
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Figure 6.39. Cathodo luminescence image of the surface of sample 2a (after 
annealing) monochromatized at 530 nm. The white horizontal line indicates where n 








Figure 6.40. A CL line scan on the surface of the brown type la diamond (sample 
2b) reveals that H3 and other defects are inhomogeneously dispersed in the 
diamond. Increased concentrations of H3 and 490.7 nm defects are located at lines 
in the diamond, which run through different growth sectors, indicating post growth 
formation. The step size along the line is I ým. 
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Figure 6.41. )ýeLe1flRPTbL"n the surface of the HPHT annealed brown type Ia 
diamond (sample 2a) reveals an overall increase of H3 defects especially around 
lines in the diamond. The step size along the line is I gm. 
Shear of crystallographic planes because of plastic deformation should occur along 
the planes with closest stacking, i. e. parallel to the octahedral plane. However, figure 
6.38 and 6.39 clearly show the plane with high density of defects related to plastic 
deformation and the octahedral growth sectors to be non-parallel. The angle between 
the lines is - 23'. 
The orientation of the sample surface with respect to the crystalline orientation was 
determined from Electron BackScattered Diffraction (EBSD) measurements and from 
the pole figure (figure 6.42), and it is clear that the orientation of the sample surface is 
close to the {100) plane. The growth horizons in figures 6.39 and 6.40 are found to be 
oriented along the <1 I O> or symmetrically equivalent direction, indicating these are 
octahedral planes intersecting the (100) surface, but are not perpendicular. This is 
because the polished surfaces are not perpendicular to the {I 00) plane (figure 6.42) so 
the intersection between {111), VTI) and {001) surfaces does not result in 
perpendicular <1 I O> and <1 To> lines (figure 6.42). 
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Figure 6.42. The pole figure of the diamond 2a. The surface of the sample is 
close to the {1001 plane because sample was not exactly cut along a plane parallel t, 
to the (1001 crystallographic plane: the orientation of the surface of samples 2a 
and 2b is more like the red and grey surfaces in the schematic drawing bottom Zý t) 
right. As a consequence the angle between the equivalent octahedral planes 
intersecting the I 100) plane in the CL images are not perpendicular. 
Figure 6.43. The intersection of a growth horizon of an octahedral plane with the 
(100) plane gives a line parallel to the <1 10> direction. The angle between the 
intersection of the octahedral plane and the (211 ) plane intersecting a cubic 
surface is 22.5'. 
From CL images over a larger surface, we can clearly see that lines with increased H3 
defects must be parallel to a <21 O> direction, which can form when a 12111 intersects 
a (1001 plane (figure 6.43). The lines with increased H3 concentration are certainly 
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not due to polishing as polishing grooves have a different direction on the surface 




Figure 6.44. The CL image of the surface of sample 2a, recorded over a larger 
area than shown in figure 6.36. The sample image is recorded with the diamond 
rotated over 90 degree with respect to the ima,, e of the sample in figure 6.22. =1 0 
Arrows point to non-luminescent lines on the surface of the diamond, which are 
polishing grooves. 
It is possible this is a very rare diamond as this slip system is usually not observed; 
however figure 6.45 shows the DiamondVieWTM colour image of a type brown IaA 
diamond after IIIIIIT annealinL, where lines with increased H-3) defect concentration 1: 1 
, rowth 
layer. The pole figure of two measurements are not parallel to an octahedral L, tn 
on the diamond surface (figure 6.45) clearly indicates the polished surface is nearly 
parallel to the I' IIIý, plane. The intersection of octahedral planes on an octahedral 
surface is trigonal in shape and thus at 60' with respect to each other. The lines with I 
clear increased concentrations of H3 defects intersecting the (octahedral) surface are Zý 
at 45' angle with another octahedral plane (figure 6.45) and are thus not parallel to 
any other octahedral gro\vth layer. The angle between the other octahedral growth 4n, 
layers is 60'. 




Figure 6.45. The DiamondVieWTM image and pole figure of one of the brown type 
IaA diamonds after HPHT annealing. Note the H3 defect rich lines are at 450 to 
one of the octahedral growth horizons intersecting the polished surface of the 
diamonds, so these lines cannot be parallel to an octahedral plane (the angle 
between octahedral planes intersecting another octahedral plane must be 60'). 
Clearly other slip systems are activated at high temperature and pressure experienced 
by the diamond when it was plastically deformed in Nature. There are indications that 
different slip systems can indeed be activated at high temperature (Evans and Wild 
1965, DeVries 1975, Sumiya 2006). 
6.7.3. H3 defect formation and dissociation includin vacancy release from H3 
defects and retrapping by A defects and excluding B defects 
The H3 defects created by the trapping of the vacancies from the vacancy source are 
not stable at the applied HPHT conditions and will also dissociate, which is 
experimentally observed in the samples of the two groups (figure 6.10 and 6.11). The 
reaction should proceed as a modified TSD model where vacancies can be released by 
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an H3 defect and retrapped by an A defect. In this case, the vacancy source is the 
parent element and the H3 is the daughter element. 
The H3 defect can dissociate in two ways: 
- H3 can dissociate by splitting into a vacancy and an A defect. 
- H3 can dissociate into a N-V defect and aC defect and the fonner will further 
decompose into aC defect and a vacancy. 
Data of Collins (1978,1980) proves the first path takes place as this explains vacancy 
enhanced nitrogen aggregation very well. The second option is investigated 
separately in appendix B. 
Because vacancy assisted aggregation is suppressed during HPHT annealing and the 
C defect concentration is low, the formation and dissociation of N-V defects will in 
this initial investigation, be ignored. 
To include H3 defect formation and dissociation, vacancy retrapping by A defects, 
and the energy barrier which must be overcome to allow the AN complex to 
restructure into H3, the reaction kinetics of the H3 defect can be described by five 
coupled differential equations: 
d [Vl 
-kl [Vl dt 
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[A (t)] + k3[H3 (t)] dt (6.7.5) 
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[C (t)]' 
Here [VKt)] is the mono-vacancy concentration released by the vacancy source at 
time t, a is the fraction of vacancies captured by the A defect. [M(t)] is the H3 defect 
concentration at time t, k, is the rate constant for the release of vacancies from the 
source and k2 is the dissociation constant of the H3 defect itself. The constant klf, "t is 
the fast vacancy diffusion rate constant (see chapter 5). The last equation describes 
the loss of A defects by H3 defect formation and the generation of A defects by H3 
dissociation into a vacancy and an A defect. 
The vibrational pre-factor and the activation energy of the rate constants kjft and k2 
are tabulated in table 6.14. The other rate constants, kI and k3, are determined from 
fitting of equations 6.7.1 - 6.7.5 to the experimental data by fitting the H3 defect 
concentration change described by the five coupled differential equations 6.7.1 - 
6.7.5. The equations are solved numerically and parameters are varied until a close fit 
to the experimental data is reached. The uncertainty on the fitting procedure can be 
reduced by keeping in mind that the rate constants depend exponentially on the ratio 
of the temperature and activation energy for each i-th process: 
-Eýl exp kh 
I 
kBT] (6.7.6) 
with ki the rate constant, Aj the exponential pre-factor, E,, the activation energy, kB the 
Boltzmann constant, and T the temperature in Kelvin. These parameters should be the 
same for the two groups and upon substitution of the rate constants in equations 6.7.1 
- 6.7.5 by equation (6.7.6), all datapoints acquired at T= 2100'C and 2200'C can be 
fitted in one least squares fitting procedure. However in practice, no increase and 
decrease of the H3 defect concentration at two different temperatures can be fitted 
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simultaneously in detail by this procedure: parameters which give a good fit of the 
data of group 1 gives a bad fit for the data of the samples of group 2 and vice versa. 
This indicates that this process is certainly not the only process describing the H3 
formation. Also, the model should include vacancy diffusion and trapping of a 
vacancy by the A defect outlined in chapter five. A final note is that all fitted curves 
deviate substantially from the experimental data (figure 6.46) at long annealing time. 
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Figure 6.46. Examples of the change of H3 concentration with annealing time, 0 
fitted with equations 6.7.1-6.7.5 to the tlb and lb samples of group one and two 
annealed at two different temperatures (2100"C and 2200"C). 
The activation energies of the processes used to calculate the curves in figure 6.46 are 
summarised in table 6.17. 
Parameter tlb-6 tlb-4 
Monovac. in clusters (ppm) 30 5 31 
Diss. energy vac. Clusters (eV) 6.5 0.2 6.5 0.2 
Temperature (K) 2374 50 2474 50 
[A] (ppm) 30 3 14 1 
Diss. energy H3 defect (eV) 6.0 0.2 5.7 0.2 
Table 6.17. The parameters used in the simulation of the change with annealing 
time of the H3 defect concentration. 
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From table 6.17 one can notice a deviation for the dissociation energy of H3 defects 
compared to the values used to simulate H3 defect concentration in irradiated high 
temperature annealed diamonds (5.2 eV). Also the values at two different 
temperatures are different: the activation energy used to simulate the H3 defect 
dissociation is systematically lower for the samples annealed at 2200'C. Replacing 
the low temperature value by the high temperature value and vice versa gives 
significant differences in the simulated H3 defect concentration behaviour, so the 
model presented above clearly cannot explain all observed phenomena. 
6.7.4. Influence of the B/H4 defects on the H3 defect kinetics 
H4 defects should be present in the samples of group I and 2 as all samples have high 
concentrations of B defects. However, no H4 is detected in the UV-VIS absorption 
spectra recorded with the sample at 80 K. Clearly the H4 defect dissociates during the 
HPHT annealing and these results are in agreement with previous data suggesting that 
H4 dissociates during annealing at temperatures below 2000'C (Collins 1979 and 
1982, Collins et aL 2005). Two possible dissociation mechanisms for the H4 defect 
are proposed here: 
H4->B +V (6.7.7) 
or 
H4 -> 2. H3 (6.7.8) 
In the first option, the H4 dissociates into aB defect and a vacancy, where the 
vacancy can be retrapped by an B defect to give an H4 centre, or by an A defect to 
give an H3 defect, or diffuse to the surface or another trap and disappear. In that case, 
the presence of B defects should not have an influence on the created H3 
concentration. This first model does not explain the experimental behaviour of the H3 
defect concentration with time. In the second option, B defects trap a vacancy and 
split into two H3 defects, so B defects clearly have a strong influence on the time 
evolution of H3 defects. Also, there is evidence that the second option is the most 
plausible (Collins et aL 2005, Shirayev et aL 2001) so the second option is chosen to 
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simulate all further annealing data of the different defects which occur during HPHT 
annealing. 
Including the reaction described by equation 6.7.8, the kinetics for H3, H4, N-V and C 
defect formation is described by a set of differential equations: 
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= -kc, 
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d [(N V)- (t)] 
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Again each rate constant depends on the pre-exponential factor and exponentially on 
the activation energy and the inverse of the temperature. The rate constants k,, g,, , and 
kdi,, are already determined and tabulated in table 6.14. The rate constants kif,,,,,, k2 
and k3 have been determined in chapter 5. The other rate constants k4, k5 and k6 are 
determined from fitting of equations 6.7.9 - 6.7.18 to the experimental data. 
The pre-exponential constant for k4 and k5 is set to the frequency of the main phonon 
interacting with the H3 and H4 defect (the phonon of 41 meV and 40 meV 
respectively). 
The pre-exponential constant for k6 is set equal to the main phonon interacting with 
the N-V defect (the phonon of 65 meV). 
In all fittings, the boundary conditions are: 
[ V, 40)) = total concentration of vacancies in the vacancy clusters (to be detennined by 
fitting of the data). 
[ VH3(0)] =0 and [VH4(0)] = 0, as there are no H3 (H4) defects which dissociate at 
room temperature. 
[H3(0)] = the initial concentration of H3 defects. 
[H4(0)] = 0, as the initial H4 concentration is not detectable by UV-VIS absorption. 
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The initial A and B defect concentrations are the concentrations as determined from 
IR measurements. 
In the next section the six unknown variables (the vacancy cluster concentration 
[V, KO)], the vacancy cluster dissociation energy Ed,,. j and the vibrational pre- 
factor Vdiss. vac. cl, the H-35 (EH3 dj,, ) and H4 (EH4 di,, ) defect dissociation energy) will be 
determined and the influence of B defects on the time dependent behaviour of the H-3) 
defect concentration will be emphasized. 
6.7.5. Influence of different relative concentrations of A and B defects 
A fitting of the data of the type IaA samples was carried out first as this eliminates the 
influence of B defects (figure 6.47). The activation energies for the dissociation of 
vacancy clusters and H3 defects are given in table 6.18. The maximum concentration 
of H3 defects is reached within 3 minutes (figure 6.48). The total mono-vacancy 
concentration in the vacancy clusters is 15.0 ± 1.0 ppm for sample I B2 and 5.0 ± 0.5 
for sample IB1. The H3 defect data for samples I B3 and IDI can be fitted with the 
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Figure 6.47. The H3 defect concentration after successive HPHT annealing and 
the fit of H3 defect concentration as calculated by equations (6.7.9) - (6.7.18) to 
the data. The activation energies of the processes are tabulated in table 6.18. 
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To simulate the behaviour of the H3 defect concentration in the HPHT annealed type 
IaA/B diamonds, all exponential pre-constants and activation energies are kept 
constant and equal to the constants used to simulate the H3 defect behaviour in the 
type IaA diamonds. The influence of an increasing concentration of B defect clearly 
manifests itself in an increase of the H3 defect concentration (figure 6.48). 
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Figure 6.48. Two examples of the H3 defect concentration change upon 
successive HPHT annealing at 2200'C and 2100'C when B defects are present in 
the diamond sample. Higher concentrations of B defects will lead to increased 
concentration of H4 defects and in turn lead to increased concentration of H3 
defects as the H4 dissociates in two H3 defects. Samples tlb5, tlbl and lb6 have 
almost equal concentration of A defects, but a different concentration of B defects 
and integrated intensity of the platelet peak. The examples shown here are fitted 
with the numerical solution of equations 6.7.9 - 6.7.18 with one set of activation 
energies (see table 6.18). 
The H3 defect behaviour with time of all samples can be simulated (figure 6.47 and 
6.48) with one set of activation energies (see table 6.18). The activation energies for 
nitrogen-vacancy dissociation is 5.2 ± 0.2 eV equal to the value determined from the 
data of Collins (1978,1980) and section 6.4 of this chapter. Only three samples could 




EH3 diss EH4 diss 
6.2 ± 0.2 eV 5.2 ± 0.2 eV 4.4 ± 0.2 eV 
Table 6.18. The vacancy cluster, H3 and H4 defect dissociation energies, which fit 
the change of the H3 defect dissociation data with time in all samples. 
sample )e sample )e 
tlb-I 0.984 tlb-4 0.989 
tlb-3 0.977 lb-4 0.980 
tlb-5 0.991 lb-7 0.968 







Table 6.19. The Xý values calculated from the fit of equations 6.7.1 - 6.7.18 to the 
H3 defect data of samples of group I (left) and 2 (right). 
If a certain degree of brown colour is caused by a certain concentration of vacancy 
clusters, then a darker brown type Ia diamond should release more vacancies than a 
lighter brown type Ia diamond with identical concentrations of A and B defects. 
During HPHT annealing, H3 defects are created by two different paths: 
- Direct H3 defect formation when an A defect captures a vacancy 
- Indirect H3 defect formation when aB defect captures a vacancy, converts into a 
H4 defect, which dissociates into two H3 defects. 
Therefore, for a group of diamonds annealed under the same HPHT conditions, the 
concentration of H3 defects should increase when the brown colour intensity 
increases, on the condition that the A and B defect concentrations are equal within 
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Figure 6.49. The calculated maximum of H3 as function of the intensity of the 
band at 550 nm, typical for brown type la diamond. The values are grouped for t) 
diamonds with similar concentrations of A and B defects. In general a higher 
degree of brown coloration results in a higher concentration of H3 defects. 
In section 6.7.7, the accuracy of the activation energies for dissociation of H3 and H4 
defects will be tested by simulating the results of irradiated and HPHT annealed and 
high temperature annealed (800'C <T< 1750'C) type la diamonds. 
6.7.6. Released mono-vacancy concentration-platelet relation. 
As can be deduced from figure 6.49, the total concentration of mono-vacancies ([V,, ]) 
released by the clusters varies strongly between 44 and 2 ppm with an apparent anti- 
correlation with the platelet integrated intensity (figure 6.50). 
This anti-correlation can be explained in the following way: the diamond is grown in 
the Earth and the high temperature of the environment causes nitrogen aggregation 
into A and B defects, and platelet formation. Such a sample is a regular type Ia 
diamond. Then the sample is plastically deformed, and a very high concentration of 
vacancies is created rapidly during the deformation (Mott 1951, Leipner et al. 2000, 
Krause-Rehberg et al. 1993). This supersaturation of vacancies causes nucleation and 
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growth of vacancy clusters (Leipner et aL 2000, Krause-Rehberg et aL 1993). Some 
of the vacancies are trapped at dislocations, while others diffuse to platelets and cause 
the movement of an interstitial carbon atom of the platelet into a regular lattice site, 
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Figure 6.50. The released mono-vacancy concentration as function of the 
integrated intensity of the initial platelet peak in the IR spectrum. There is clearly 
an anti-correlation between the mono-vacancies available for trapping at nitrogen 
defects and the concentration of platelets. 
The migration of vacancies to the platelets and the Ostwald ripening of the vacancy 
clusters will compete for the mobile mono-vacancies and both reduce the number of 
mono-vacancies and small vacancy clusters in the diamond. Depending on the total 
concentration of interstitials in the platelets, its presence can reduce the 
supersaturation of vacancies rapidly eliminating the population of small clusters. 
The additional high temperature annealing in a laboratory HPHT press will cause 
Ralher Ostwald ripening of vacancy clusters and platelets. Mono-vacancies released 
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Figure 6.51. The integrated intensity of the platelet peaks as function of the 
FWHM of the platelet peak. Samples with high concentrations of released mono- 
vacancies have a very complicated behaviour. 
The Ostwald ripening process continues until the vacancy clusters collapse into 
dislocation loops, or is exhausted as vacancies move to the surface or other sinks like 
cracks where they disappear or in climb movement of dislocations. H3 and H4 
defects act as a second source of mono-vacancies after the source of mono-vacancies 
is depleted. The dissociation process continues until depletion of the latter two. 
The destruction of platelets by trapping of vacancies released from the vacancy source 
and simultaneous growth of platelets will induce a very complicated behaviour of the 
platelet peak: growth of the platelets will increase the FWHM of the peak and shift the 
peak position to lower wavenumbers (Clackson, et aL 1990), while trapping of 
vacancies will reduce its size or destroy small platelets. This can initially broaden the 
platelet peak as vacancies are released at high rate from vacancy clusters. The large 
platelets have a larger capture cross-section for vacancies and as a result the 
distribution of platelet size alters rapidly. Because of platelet growth competes with 
platelet destruction by vacancies, prolonged HPHT annealing may increase or 
decrease the mean platelet size. As a result the mean size and size distribution of 
small platelets will tend to change faster and in a more unpredictable fashion. This is 
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indeed observed (figure 6.51 and 6.52): samples with low integrated intensity of the 
platelet peak release more mono-vacancies from the vacancy source and display large 
variations in FWHM and integrated intensity of the platelet peak, while samples with 
strong platelet absorption should display smaller variations in FWHM and integrated 
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Figure 6.52. The FWHM of the platelet peak as a function of the position of the 
maximum absorption. In samples with low concentration of released mono- 
vacancies, the mean platelet size decreases weakly upon successive annealing. In 
samples with a high concentration of released mono-vacancies, the mean platelet 
size can grow and shrink upon successive HPHT annealing. The uncertainty for 
the FWHM and the peak position is 2 cm7 1. 
Clearly more detailed knowledge on the growth and annealing behaviour of platelets 
in type I diamonds and their interaction with radiation damage products (interstitials 
and vacancies) is necessary. 
6.7.7. HPHT annealina of irradiated and annealed type la samples. 
Four irradiated samples were annealed at 2100'C (sample 14), 2200'C (sample 2) and 
2300T (samples 6-1 and 4-2) respectively. Only sample 14 showed a detectable H3 
ZPL peak in the UV-VIS absorption spectrum (figure 6.53) corresponding to a 
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concentration of - 55 ppb. Table 6.20 shows the concentrations of C defects after 
annealing and the predicted concentrations of C defects when only direct A to C 
defect dissociation is taken into account. 
To simulate the annealing of radiation induced vacancy concentration, the model must 
be modified as the vacancy concentration now decreases exponentially in time with an 
activation energy of 2.3 ± 0.2 eV (Davies et aL 1992). Equation 6.7.9 is eliminated 
from the equation set, and constant k,., is set equal to ki, fag. [VKO)] is set equal to the 
initial mono-vacancy concentration. All other parameters are kept constant. The 
model predicts - 40 ppb of H3 defects should be observed after annealing at 2100'C 
(figure 6.54). 
The other samples did not show detectable H3 absorption peak; however in some 
cases weak H3 luminescence was detectable in the PL spectrum. Clearly the 
concentration of H3 defects was below the UV-VIS absorption detection limit (- 10 
ppb) as predicted by our model. None of the samples showed detectable 637 nm or a 
H2 absorption peak, but all showed a small emission peak at 637 nm in the PL 
spectrum. Other radiation damage related defects (GRI, TH5,594 mn, Hlb, Hlc, ... ) 
were not observed after HPHT annealing, which is expected as these are not stable 
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Figure 6.53. The UVNIS absorption spectrum of an irradiated (6 MeV, 10" 6- 
/cm2) diamond after HPHT annealing at 2100'C for three minutes. The inset is a 















Figure 6.54. Simulation of H3 defect concentration in the irradiated BPHT 
annealed diamond, including H3 and H4 defect formation. The H4 defect 
concentration (not shown here) is below the detection limit by UV-VIS absorption. 
H4 defect is only weakly detectable by luminescence. 
Sample Annealing Annealing [C] (ppm) [C] (ppm) [C] (ppm) [C] ppm. 
time (min) temp. (OC) uv-vls EPR IR predicted 
Sample 23 2200 30 26 18 34 
Sample 14 3 2100 3 ----- 0 13 
Sample 4-2 3 2300 54 60 52 47 
Sample 6-1 3 2300 60 35 59 38 
Table 6.20. The C defect concentrations in the irradiated and BPHT annealed type 
la diamonds. The concentrations of C defects were measured by IR, UVNIS and 
EPR absorption spectroscopy. Uncertainty in the concentration of C defects 
determined by EPP, IR and UVNIS measurements is 25%, 10% and 27% 
respectively. 
The observed H4 defect dissociation and increase in the concentration of H3 defects, 
when samples are annealed between 900 and 1700'C (Collins et aL 2005), can now be 
explained by our model. Figure 6.55 is taken from the paper by Collins et aL (2005). 
The sample was a type IaB diamond and after irradiation and annealing at 900'C, no 
H3 was detected. The H4 ZPL intensity is approximately constant up to - 1300'C 
and then decreases in strength. At the same time, H3 defects are created. At higher 
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temperature (T > 1600'C) H3 defects start to dissociate and vacancies can, in 
principle, be retrapped by B defects. However, one has to keep in mind that one 
vacancy and aB defect form a H4 defect, which splits into two H3 defects. The H4 
defect dissociates into two vacancies and two A defects, so there are now two 
vacancies which can be trapped by B defects. In the simulation of the H3 and H4 
defect behaviour under isochronal (I h) annealing at different temperatures, equation 
6.7.16 and all other functions connected to A defect dissociation and C defect 
aggregation is eliminated. Again equation 6.7.9 is eliminated from the equation set 
and [VKt)] is set equal to the initial mono-vacancy concentration the boundary 
conditions are the following, at time t=0: 
- [B] = 400 ppm 
- [H4] =5 ppm 
- [H3] = [C] = [A] 0 
After every simulated one hour annealing, the end values of the vacancy, H3 and H4 
defect concentrations are taken as the initial values for the next simulation at 50'C 
higher temperature (figure 6.55), exactly like the experimental conditions used by 
Collins et aL (2005). The qualitative picture of the annealing behaviour correlates 





Figure 6.55. The relative absorption strength of H3 and H4 defects during 
isochronal annealing of irradiated type IaB diamond. The point where H4 defects 
begin to decay is - 50"C lower than observed experimentally, but the gradient of 
the H4 decay curve is the same. The curves are renormalized with respect to the 
maximum defect concentration. 
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Figure 6.56. The relative absorption strength of a number of defects during 
isochronal annealing of irradiated type IaB diamond (figure 7 from Collins et aL 
(2005)). 
The analysis provides additional evidence for the process H3 --+ A+V, because N-V 
defects were not detected after annealing at 1700'C, where H3 defect concentration 
decreased in intensity. 
6.7.8. Final remarks 
As a first final remark, we wish to point to one other possible H4 defect dissociation 
mechanism: the H4 defect might dissociate by removal of a N-V defect, explaining an 
observed increase of N3 defect concentration (Collins et aL 2005). N3 defects have 
not been involved in the analysis presented. This dissociation path could have an 
influence on the created H3 defect concentration as this is a competitive H4 
dissociation path. This is a point which clearly needs further investigation. Also in 
the analysis we did not include the formation and dissociation of H2 defects for three 
reasons: 
- only semi-quantitative measurements could be carried out in the NIR region 
- in the study here, the H2 peak is always lower in intensity than the H3 peak 
(figures 6-1 and 6.3) so the H2 concentration is very low compared to the H3 
defect concentration. 
- there is insufficient data on the dissociation of H2 defects. A study of the 
destruction of the H2 defect at lower temperatures (T - 1500'C) could clarify this 
point. 
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A second remark is the fact that vibrational frequencies and activation energies for 
formation and dissociation of H3, H4 and (N-V)' defects do not appear to be affected 
by a difference in pressure. 
In chapter two, it is remarked that broad band luminescence can be observed in brown 
type Ia, and disappears upon HPHT annealing. The one-phonon spectrum of this 
broad band has two maxima at 17 and 44 meV. The 17 meV is a very low vibrational 
frequency for diamond. This low frequency vibration could be because of the 
combination of vacancy disks and the nitrogen B aggregate. Low frequency 
vibrations are not uncommon for extended defects: platelets are known to have an 
absorption peak in the IR spectrum at 328 cm" (Woods 1989). 
6.8. Conclusion 
6.8.1. Dissociation of A defects in diamond 
The activation energy for the dissociation of A centres into C centres has been 
calculated in two different ways, and values of 5.6 ± 1.4 and 7.66 ± 0.6 eV have been 
found. The weighted average of 7.3 ± 0.6 eV is in agreement with theoretically 
calculated values of Mainwood (1994). 
The dissociation of A defects is responsible for the colourless to yellow colour change 
of type Ia diamonds. 
6.8.2. Influence of pressure on the dissociation of A defects 
The dissociation of A centres into C centres is dependent not only on the temperature 
but also on the pressure during the HPHT annealing. The enhancement is 
approximately a factor of 10 when a pressure of 5-6 GPa is used instead of 8.5 GPa 
at 2300T. Further experiments are being carried out to allow a more detailed analysis 
of the influence of pressure on the dissociation of nitrogen aggregates during HPHT 
annealing. 
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The activation energy of the nitrogen aggregation and dissociation process changes 
with pressure because there is a volume difference between two C defects and an A 
defect. As a consequence of the dilatation difference between nitrogen atoms in the A 
and C defect, a higher concentration of C defects is created during HPHT annealing of 
type Ia diamond when pressure increases. 
The change in dilatation because of the aggregation of C defects into A defects is too 
small to induce a sufficient change in activation energy to explain the experimental 
results and further investigation into the dilatation and A defect dissociation at low 
pressure is needed. 
6.8.3. High temperature annealing of irradiated type lb diamond under vMing 
pressure 
This study indicates vacancy assisted aggregation follows the following path, as 
originally proposed by Collins (1980): 
N+ V--*N-V 
N-V+ C --+ H3 
H3 --+ A+V 
The vacancy which is removed from the H3 defect can efficiently be recycled by the 
C defect because of the large capture cross-section for vacancies. The whole process 
can then start over again, and this explains why a relatively low concentration of 
vacancies is lost to the surface or other traps. 
Annealing under pressure appears to suppress the vacancy assisted aggregation, a fact 
also observed by Allen and Evans (198 1). 
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6.8.4. Optical study of the annealing behaviour of the 3107 cm-1 defect in natural 
diamond 
Hydrogen diffusion in diamond is important as hydrogen is present in all diamonds 
and can alter its properties. In this thesis the annealing behaviour of the 3107 cm-1 
defect is studied. 
The annealing behaviour of the 3107 cm" hydrogen defect is very complicated, 
indicating that it can be formed by capturing hydrogen atoms, released from other 
defects, but the 3107 cm" defect itself can also be destroyed. 
The absence of correlation between the absorption strength of the 3107 cm-1 peak and 
the A, B or C defect concentration confirms the idea that nitrogen is not directly 
involved in the defect. 
6.8.5. Dynamics of defects in brown LUe Ia diamond 
The main goal of the thesis is to understand the colour changes induced by HPHT 
annealing of brown type Ia diamond. Brown diamonds can become yellow-green or 
yellow, depending on the annealing conditions and annealing time. Up to now, the 
reasons why diamonds become yellow-green or yellow after HPHT annealing are 
unclear and this study aims to understand the processes between defects responsible 
for the colouration. 
There is a correlation between the degree of colour saturation of brown diamonds and 
the concentration of H3 defects, created after HPHT annealing; CL indicates that 
vacancies are released from defects pinned at or close to plastically deformed regions 
in the brown colour in diamond. 
The measurements and analysis, presented here support the view that the brown 
colour in type Ia diamonds is probably caused by multi-vacancy clusters and that, 
during HPHT annealing, vacancies are evaporated from these clusters to form 
nitrogen-vacancy complexes. 
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The activation energy for release of the vacancy from the vacancy source is 6.2 ± 0.2 
eV. The H3 defect dissociates with an activation energy of 5.2 ± 0.2 eV. During the 
HPHT annealing, the H4 defect converts into two H3 defects with an activation 
energy of 4.4 ± 0.2 eV. 
The dissociation of the H4 defect explains the absence of detectable H4 defect 
concentrations in the UV-VIS absorption spectrum after HPHT annealing. This 
view is supported by the high temperature annealing data of irradiated type IaB 
diamonds of Collins et aL (2005) where there is a correlation between the destruction 
of H4 defects and the growth of H3 defects. 
The fact that an H4 defect dissociates into two H3 defects has significant 
consequences and partly explains the observed differences between the diamonds with 
similar concentrations of A defects and similar initial colour, but with different 
concentrations of B defects. 
The presence of platelets clearly has an indirect influence on the colour change of an 
HPHT annealed diamond: higher platelet concentrations decrease the available mono- 
vacancy concentration and thus reduce the created concentration of H3 defects in 
HPHT annealed brown type Ia diamond. As platelets have a large size, they should be 
efficient vacancy sinks. Further research should be carried out by irradiating and 
annealing type Ia diamonds with different concentrations of platelets. Also a 
systematic study of the annealing and formation behaviour of platelets in type la 
diamond should be carried out as platelet formation and destruction is not understood 
properly. 
The H3 defect formation and dissociation model, including the H4 defect formation 
and dissociation, proposed here is tested against data of Collins et aL (2005) on 
irradiated and isochronally annealed diamonds to temperatures up to - 1700'C, and 
on data of irradiated and HPHT annealed diamonds. The isothermal annealing curves 
of the H3 and H4 defect concentrations can be understood by application of this 
proposed model, but the exact annealing behaviour might depend on other factors like 
different charged states of defects. It is possible that a charged defect needs to be 
ionised before it can dissociate, and this is not included in the model proposed here. 
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Further work should include detailed data on the platelet growth and destruction by 
HPHT annealing, and the interaction of platelets with radiation damage products like 
vacancies and interstitials. A model should then be constructed describing the platelet 
growth as function of platelet size. A similar model should be developed for vacancy 
cluster growth and destruction. This has not been attempted here. 
An attempt should be made to look at the annealing behaviour of H2 when a diamond 
is irradiated and annealed or HPHT annealed. To do this, additional equations should 
be introduced to describe the charge transfer between C defects and H2 and N-V 
defects and vacancies. This perturbation on the model proposed here is ignored as 
these parameters are not known, and the concentrations of H2, (N-V)' (- ppb) defects 
are much smaller than the H3 and N3 concentrations (- ppm). Negatively charged 





conclusions and further 
7.1. Summarv and Conclusions 
This thesis has been concerned with colour in diamond and the defects causing it, 
which is of importance for gem-testing laboratories. An attempt has been made to 
understand the physical mechanisms giving rise to colour of a diamond and the defect 
dynamics during annealing, which cause colour changes. When trying to judge the 
possible future types and economic feasibility of treatments, this knowledge is 
paramount. 
The study has employed various spectroscopic techniques and models have been 
made to understand the colour changes of diamond. Three major topics are 
investigated in this thesis: 
1. Linear electron-phonon coupling in diamond. 
2. HPHT annealing of brown type la diamond. 
3. Hydrogen in diamond. 
The reason why electron-phonon coupling is important is because the side band of a 
sharp zero phonon line causes the colour in diamond, and the various consequences of 
linear electron-phonon coupling theory are demonstrated. The theory allows 
calculation of the shape of the spectrum caused by a defect, and gives a possible 
explanation of sub-threshold excitation of defects. 
Colour changes as induced by HPHT annealing are not well understood and this study 
aims to elucidate some of the defect chemistry occurring during HPHT annealing. In 
addition, the 3107 cm" hydrogen-related absorption in the IR spectrum of type Ia 
diatnond has been studied. 
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7.1.1. Linear electron-nhonon COUDlin 
Using linear electron-phonon coupling, we calculated the side bands of two common 
defects in brown type Ia diamond, the 490.7 nm defect and the broad band centred at 
- 710 nm. The validity is tested by various methods: by predicting the experimental 
results of the behaviour of the zero phonon line at different temperatures and by 
decomposing spectra of different samples in calculated curves. In due course, it was 
discovered that other processes might play a crucial role in the relaxation of the 
electron from the excited state to the ground state of the defect, causing the 
anomalous temperature behaviour of the 490.7 run and 3H defects. This might be 
because of defect-defect interactions or stress in the diamond. Defect-defect 
interactions may thus play a crucial role in the detectability of a defect by 
photoluminescence, and therefore further investigation is important from the 
technological and fund=ental points of view. 
Sub-threshold excitation of a defect in diamond is the excitation of an electron, from a 
vibronic level with non-zero quantum number in the electronic ground state, to a 
vibronic level of the excited state. The energy of the photon used to excite the centre 
in this way is then less than the energy of the zero-phonon line. Hence the name 
"sub-threshold" is given to the process. Luminescent de-excitation of the electron 
gives rise to the observed sub-threshold luminescence spectrum of the defect. Sub- 
threshold excitation is not limited to diamond: it should be observed in all materials, 
but especially in materials with sharp zero-phonon lines. 
When analysing the sub-threshold excitation data it was found that the deviations of 
Arrhenius behaviour of the integrated intensity of the ZPL of a defect can be 
explained when corrections are allowed for the change in transition probability with 
temperature. When more than one defect is simultaneously excited by the sub- 
threshold mechanism, strong deviations of the Arrhenius behaviour are observed in 
some cases. In particular, the data suggests a thermally activated energy transfer 
mechanism between the H3 and H4 defects. 
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7.1.2. Annealing of brown type Ia diamond 
The study of the kinetics of colour changes of the diamond and thus the defect 
formation and dissociation is divided into a number of sub-problems: 
- Study of the capture of vacancies by nitrogen aggregates. 
- Study of the dissociation of nitrogen-vacancy complexes. 
- Study of the dissociation of nitrogen aggregates. 
- Determination of prefactors of the rate constants involved in all processes. 
The effect of combining all the processes above leads to an understanding of the 
colour change of brown diamonds during HPHT annealing and the differences that 
arise when annealing is done at low temperature (- 1900'C to 20001C) or high 
temperature (2300'C or higher) and a short vs. a long annealing time. 
7.1.2.1. Study of the capture of vacancies by nitrogen aggregates 
The study of the capture of vacancies by irradiation and annealing of type Ia 
diamonds has been carried out by analysis of results from the literature and from our 
own experiments. A main conclusion drawn from this study is the suppression of di- 
vacancy formation when type Ia diamond is annealed. Also an activation energy 
barrier for vacancy diffusion around the A and B defects would explain phenomena 
like the presence of a fast and slow diffusion process and the disappearance of the 
slow diffusion process at higher annealing temperature (Davies et aL 1992). 
7.1.2.2. Study of the dissociation ofnitrogen-vacancy complexes 
H4 defects dissociate into two H3 defects with an activation energy of 4.4 ± 0.2 eV, 
while the H3 defect itself dissociates into an A defect and a vacancy, with an 
activation energy of 5.2 ± 0.2 eV. 
The H4 defect dissociation into two H3 defects, and with a lower activation energy 
than that of the H3 defect, explains the isothennal annealing curves of the 
concentrations of H3 and H4 defects (Collins et al. 2005). 
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7.1.2.3. Study of the dissociation ofnitrogen aggregates 
The dissociation process is of importance, as C defects can be created by HPHT 
annealing and can have an influence on the kinetics of other defects (for example 
vacancies (Davies et al. 1992)). Dissociation of A defects and aggregation of C 
defects occur simultaneously and a model should include both processes. 
The dissociation of nitrogen A aggregates has been studied by HPHT annealing of 
colourless type IaA diamonds. This allows the study of the dissociation process 
without the influence of vacancies. The influence of vacancies can be significant: 
when type Ib diamond is irradiated prior to annealing under vacuum the aggregation 
rate is significantly enhanced (Collins 1978b, 1980). This enhancement is in turn 
suppressed when irradiated diamond is annealed under pressure at the same 
temperature, even when multiple irradiation and annealing steps are carried out (Allen 
and Evans 198 1, Kiflawi et aL 1996). 
During HPHT annealing of type IaA diamond, the relative concentrations of A and C 
defects will change to an equilibrium level. This equilibrium level is determined by 
the relative rates of aggregation and dissociation and is proportional to the activation 
energy for the A defect dissociation (7.3 ± 0.6 eV). 
Z 1.2.4. Prefactors ofthe rate constants involved in all processes 
When a defect diffuses or dissociates, it needs to overcome an energy barrier. The 
rate at which the defect crosses the energy barrier is proportional to the attempt 
frequency and the exponential of the ratio of the activation energy and the thermal 
energy. The attempt frequency to cross the activation energy barrier should be 
proportional to the vibrational properties of the defect itself (the so-called exponential 
prefactor). 
An attempt has been made to determine which vibrations are stretch vibrations by 
isotopic substitution of 12 C by 13 C, and thus to determine the prefactor in nitrogen 
aggregation and dissociation processes. A shift of the absorption peaks of the A 
defect at 1282,1212,1064 and 480 cm" is observed in the IR spectrum of diamond 
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isotopically enriched with 13C. The different magnitudes of the shifts suggests the 
1282 cm"' peak involves the vibration of both nitrogen and carbon atoms, while the 
1212 and 1064 cm*1 peaks involve only carbon atoms. The 480 cni" peak is due to 
nitrogen only. However, as observed in later chapters, the prefactors are rarely equal 
to vibrational frequencies. 
Z1.2.5. Colour changes of brown diamond by variation of the HPHT annealing 
parameters. 
Nitrogen aggregate - vacancy complexes are created during HPHT annealing of 
brown type Ia diamond. The source of the vacancies is not identified, but positron 
annihilation studies (Mdki et aL 2005, T. Anthony: pers. comm. ) have indicated that 
vacancy clusters or disks are present in brown diamond. Theoretical studies have 
indicated that these clusters may be the cause of the brown colour of plastically 
deformed brown diamonds (Hounsome et aL 2005a, b). These vacancy clusters or 
disks can form when large concentrations of vacancies are created during plastic 
deformation (Leipner el aL 2000). They can grow by the Ostwald ripening process. 
During the HPHT annealing process, mono-vacancies are generated and in type Ia 
diamond some of these are trapped at nitrogen aggregates, leading to the formation of 
H3, H4 and N-V defects. The simultaneous destruction of these nitrogen-vacancy 
type defects leads to a decrease of their concentration. The behaviour of the different 
defects has been modelled and fitting of data indicates the activation energy for the 
release of a vacancy from the vacancy cluster or disk is 6.2 ± 0.2 eV. 
Furthermore, the model is able to simulate the high temperature (T > 1400'C) 
annealing data of irradiated and pre-annealed (T - 800'C) diamonds, employing the 
same parameters as those used to simulate the H3, H4 and N-V defect behaviour in 
HPHT annealed diamond. The only change that needs to be made is the substitution 
of the rate constant for the generation of mono-vacancies from vacancy clusters by the 
rate constant for mono-vacancy diffusion. 
The apparent anti-correlation between the concentration of mono-vacancies available 
for trapping at nitrogen aggregates and the integrated intensity of the platelets 
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explains why some brown diamonds from the Argyle mine are irregular type 
diamonds. Harris and Collins (1985) commented that, using the activation energy of 
7 eV deduced from the work of Evans and Qi (1982) for conversion of A defects into 
B defects, the calculated age of these diamonds would be higher than the age of the 
Earth. Furthermore, when a regular type IaA/B Cape Yellow diamond is converted 
into a irregular type IaA/B diamond, more extreme conditions (T > 2500'C) are 
required (Kiflawi and Bruley 2000), indicating this process has an even higher 
activation energy. This means that the irregular type IaB diamond would be even 
older than a regular type IaB. However, these methods do not take vacancy-enhanced 
destruction of platelets or other processes into account. 
7.1.3. Hydrogen in diamond 
The nature of the 3107 cm"' defect has also been investigated by isotopic substitution 
of 12C by 13 C and it is confirmed that the hydrogen is bonded to a single carbon atom, 
as suggested by Collins and Woods (1983). 
There is no correlation between the concentration of the 3107 cm" defect and the 
nitrogen concentration in either the A or B defects, or the total nitrogen concentration 
in diamond. 
7.2. Further work 
7.2.1. Linear electron-phonon counlin 
Linear electron-phonon coupling has been studied and it is illustrated that the theory 
can predict the behaviour of the ZPL at different temperatures for many defects. 
However, there are clearly a number of defects with deviations from this behaviour: 
the 490.7 nm defect in brown type Ia diamonds is such an example. The reason for 
this behaviour can only be understood when more information about this defect is 
known: there can be nearly degenerate states, interactions with other defects, ... 
Sub-threshold excitation can be accounted for when one type of defect is present in 
the diamond. However, in some cases when more than one defect is detected in sub- 
threshold excitation, the temperature behaviour is not fully understood. This has been 
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attributed to defect-defect interaction, but detailed investigation of samples with 
different H3 and H4 concentrations, spanning a wide range, is necessary to confirm 
this proposal. 
7.2.2. Photochromic effects 
Photo-induced changes of defects when illuminated with light have been observed for 
several irradiated and annealed samples, and comparing data of different samples with 
data of other research groups clearly points to a sample-dependent behaviour of the 
photo-induced changes. This can have a significant influence on the detection limit of 
these defects. A great deal of additional experimental work is required to understand 
these phenomena properly. It is very important to have accurate data on the ratio of 
the change of the GRl/ND1 absorption strength as this forms the basis for the 
determination of the oscillator strength of the GRI. and ND1 defects. This is 
important as the oscillator strength of H3, H4 and (N-V)' is determined from the 
oscillator strength of the GRI and NDL More experiments should be carried out to 
determine the GRl/ND1 absorption change upon illumination. 
7.2.3. Vacancv canture bv nitroeen aaareaates in diamond 
Davies et aL (1992) observed 40% of the vacancies in electron-irradiated diamond are 
more strained, diffuse faster than in bulk and are presumed to be created close to A 
defects; furthermore they showed that more vacancies are created in type Ia diamonds 
([V]type ja 1.6 [V]Wý 11,, ). The increased concentration of vacancies created by 
electron irradiation is also observed when C defects are present in the diamond. The 
physical mechanism for this enhancement is not clear. Reduction of recombination- 
enhanced interstitial diffusion because of the presence of defects could be one of the 
reasons for the increased vacancy concentration in type Ha diamond. The study of 
vacancy and interstitial creation in type Ia diamond by electron irradiation at different 
temperatures should also contribute to the understanding of the recombination- 
enhanced diffusion of the interstitial in the presence of nitrogen aggregates. Also, a 
simulation of the diffusion properties of a vacancy close to an A or B nitrogen 
aggregate should be investigated in more detail. 
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The C defect in diamond is a very efficient vacancy trap for vacancies compared to A 
and B defects. Mainwood (1994) pointed out that the activation energy for vacancy 
diffusion is lowered close to the C defect, which might be the cause of the increased 
trapping of vacancies by C defects. This point needs further investigation, as it is not 
clear why the C defect is a more efficient vacancy trap. 
7.2.4. Brown colour in diamond and vacancv clusters 
Large concentrations of vacancies are created during plastic deformation, leading to 
supersaturation of the diamond with vacancies. The vacancies precipitate and grow, 
probably in an Ostwald type ripening process. 
There is still considerable work that needs to be done on vacancy disks or clusters in 
brown type la diamond, and a detailed study of positron annihilation experiments as a 
function of annealing temperature and time is highly desirable. However, this 
technique cannot be applied to large vacancy clusters or disks which may exist, so a 
second approach like small angle X-ray scattering, or laser scattering tomography, 
should be used to investigate the possibility of even larger aggregates in brown 
diamonds. 
7.2.5. Crvstalloarar)hic directions of Dlasticallv deformed reeions in diamond 
In a large number of samples, it is seen that lines with increased concentrations of H3 
defects, associated with H3 defects created close to slip planes, are not parallel with 
low index crystallographic (octahedral and cubic) directions in diamond, but are tilted 
at an angle with respect to the planes (see chapter 6, section 6.7.2). This might be 
because these non-principal slip directions are activated when the diamond is 
deformed at high temperature, but this point clearly needs ftirther research. 
7.2.6. Platelet formation and destruction 
The influence of platelets on the annealing of vacancies is not understood, but the 
HPHT annealing data points to the importance of a proper understanding of the 
platelet-vacancy interaction. Platelets are clearly influenced during irradiation but not 
by the subsequent annealing. 
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Formation and aggregation of platelets is not very well understood and may be a 
process similar to Ostwald ripening. It is suggested the B defects could act as a 
nucleation site for platelets, so one should be able to create platelets, or increase the 
absorption strength due to platelets, in heavily irradiated, annealed type IaB 
diamonds. This has partly been investigated by Allen and Evans (1981) but there is 
insufficient data to study the platelet creation/destruction in detail so more data is 
required. 
The behaviour of platelets as function of annealing temperature and time in regular 
diamonds has not been investigated in this thesis and only scattered data is found in 
literature. From the work of Evans and Woods (1983), we know platelets are formed 
in type I diamond after substantial nitrogen aggregation. Subsequent annealing 
distorts the platelet peak shape and in regular type Ia diamonds the width decreases 
and the position of the peak shifts to lower wavenumbers when the nitrogen in the 
diamond has aggregated more into B defects, indicating the platelets grow in size and 
the size distribution narrows. The brown type Ia samples under study in this thesis do 
not display this behaviour, which is attributed here to the release of high 
concentrations of mono-vacancies from the vacancy sources in the diamond 
interfering with the normal ripening process of platelets. A more in-depth study of 
the platelet properties appears to be urgently necessary to support the conclusions of 
chapter six on the platelet peak behaviour with time when the diamond is subjected to 
HPHT annealing. 
7.2.7. Defect kinetics 
We remark here that the changes of the N3 defect concentration have not been taken 
into account in any analysis. An alternative H4 dissociation path could be the 
following: H4 ---* N-V + N3. This could account for the observed deviation from the 
expected behaviour of N-V defect concentrations. Resolving this anomalous 
annealing behaviour of N-V defects clearly needs further investigation. 
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Appendix A 
Colour and colour coordinate calculation 
1. Introduction 
This appendix will give a concise introduction to the colour and colour coordinate 
calculation. For a detailed treatment of colour and vision, the interested reader is referred 
to Wyszecki and Stiles (2000). 
The coordinates in colour space are calculated and displayed on the CIE (Comission 
International d'Eclarage) diagram. There are different CIE models to calculate the colour 
coordinate, and the method adopted here is the 1931,2 degree observer. 
The colour coordinate of a spectrum is calculated by convolution of the transmission 
spectrum of the sample with the spectrum of standardized lamp (D65 lamp; northern 
daylight equivalent or black body emission of a subject of 6500 K) and the response 
curve of the human eye. 
For ease of interpretation, the colour coordinate is displayed on the chromaticity diagram. 
On this diagram the edge is 100% colour saturation and the dominant wavelength of the 
light is indicated. The dominant wavelength represents the colour observed by a human 
colour grader. This wavelength is determined by drawing a line from the white point 
(colour coordinate of the D65 lamp) through the colour coordinate to the edge on the 
diagram. The distance between the white point and the colour coordinate along this line 
determines the excitation purity. 
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2. Colour coordinate calculation 
The colour coordinate is calculated from a spectrum by the following way: 
First the tristimulus values X, Y and Z are calculated by integrating the transmission 








Z= f I(, t)-z(, t)D65(, 1)dt 
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Here I(ý) is the spectrum as function of the wavelength of the light. D65(2) is the 
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Figure A. 2. The colour matching functions of the eye. These reflect the response 
function of the eye as function of the wavelength of the light. 
xy (A) and z (A) are the "colour matching functions", which are the response 
function of the eye for red, green and blue respectively. The colour coordinate on the 







x and y determine the colour coordinate on the CIE 1931 chromaticity diagram. 
Because the primaries are integrals over the entire visible spectrum, different spectra 





into three numbers, thereby losing additional information in the spectrum. Similar 
spectra because of different defects can give the same colour coordinate. 
The dominant wavelength is determined by the intersection of the line connecting the 
white point (the D65 point) with the colour coordinate and the outside of the CIE 
diagram. These values are tabulated as value on the edge of the chromaticity diagram. 
Thus the coordinate at the intersection of the line connecting the white point and the 
colour coordinate of the diamond sample and the edge of the chromaticity diagram must 
be calculated. This is done by determination of the angle between the horizontal through 
the white point and the line connecting white point and sample colour coordinate. From 
the knowledge of this angle, the coordinate point on the edge of the chromaticity diagram 
is found and is then compared to the tabulated values. When the line intersects the edge 
of the chromaticity diagram between two values in the tables, a linear interpolation is 
done between the two tabulated values. 
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Figure A. 3. The CIE 1931 chromaticity diagrams with the approximate colour 





To get some feeling on how the colour coordinate calculation works, a number of 
artificially generated spectra will be shown and the calculated colour coordinate and 
dominant wavelength will be given. The coordinate of the D65 illuminant white point is 
x=0.3127 and y=0.3290. 
Total transmission 
In this case, the calculated colour coordinate should coincide with the white point of the 
D65 reference lamp, as the primaries are the integrals over the D65 lamp and CMF only. 
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Figure A. 4. The colour coordinate of a total transmission spectrum. 
Total transmission except at one particular wavelength 
The same spectrum as in the previous paragraph is used, but with a single absorption 
spike at 450 nm. Almost no change compared with the total transmission spectrum is 
detected. The calculated colour coordinate is x=0.3 1 -3 39 and y=0.3315 
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Figure A. 5. The colour coordinate calculation result of a total transmission 
spectrum with an absorption spike at 450 nm. The inset in the spectrum shows the 
coordinate of spectrum in the chromaticity diagram together with the D65 white 
point. There is almost no difference. 
Total absorption spectrum with a transmission spike 
A total absorption spectrum is used, but a transmission (or emission) spike is generated at 
450 nm. This should give an excitation purity of 100%, what is indeed observed. The 
calculated point is exactly on the edge of the chromaticity diagram at 450 nm. 
The colour coordinate is very different from the D65 white point: x=0.1566, y=0.0177. 
Clearly emission spikes on a total absorption background make a strong difference, but 
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300 40 500 600 700 800 
06 07 08 Wavelength (nm) 
Figure A. 6. The colour coordinate calculation result of a total absorption 
spectrum with an emission spike at 450 nm. The red arrow indicates the dominant 
wavelength with respect to the D65 illuminant. 
Examples of real spectra of coloured diamonds 
The spectrum of a brown type IaA diamond is as in the figure below 
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Figure A. 7. The colour coordinate calculation result of a brown type IaA 
diamond. The red arrow indicates the dominant wavelength with respect to the 
D65 illuminant. The black triangle indicates the calculated colour coordinate of 
the spectrum. 
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A44woxaMate boior regions on 
CIE Chromaticity Diagram 
V, 
The dominant wavelength is at 582 nm. The dominant wavelength of brown diamonds is 
typical in the region of 579 to 584 nm. 
For a Cape Yellow diamond, the spectrum is shown below: 
Approx 690(is on 








Figure A. 8. The colour coordinate calculation result of a Cape Yellow diamond. 
The red arrow indicates the dominant wavelength with respect to the D65 
illuminant. The black triangle indicates the calculated colour coordinate of the 
spectrum. 
The dominant wavelength is at 571 nm, typical for Cape Yellow diamonds. 
4. Remarks 
Some remarks on the used of the procedure described above. 
The colour coordinate of an emission spectrum can also be calculated, however, since the 
values of the emission spectrum are not between 0 and I (or 0% and 100% transmission), 
the excitation purity will be wrong. The dominant wavelength will be correct. 
Black, white and various degrees of grey have the same colour coordinate. This is caused 
by the fact that various degrees of grey are projected perpendicular to the chromaticity 
diagram by the transformation of XYZ primaries space into xyY space. 
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300 400 500 600 700 800 900 
Wavelength (nm) 
Purple colours are on the so-called purple line and have no dominant wavelength because 
these cannot be represented by a single dominant wavelength. These colours are 
characterised by the complementary wavelength. This wavelength is determined in a 
similar way as the dominant wavelength: the line from the illuminant coordinate to the 
calculated sample colour coordinate is drawn. The intersection of the line on the 
opposite side of the white point is the complementary wavelength (figure A. 9). 





Alternative dissociation path of H3 
defects: H3 -+ N+ N-V 
As mentioned in the chapter 6, paragraph 7.3, the H3 defect can dissociate by: 
- removal of the vacancy or 
- by dissociating into a nitrogen-vacancy pair plus a single substitutional nitrogen 
defect. 
Earlier and more recent experimental results suggest that the vacancy is removed from 
the H3 defects (Collins et aL 2005, Collins 1980). 
To investigate this properly, we need to include the formation of C defects and the 
vacancy enhanced aggregation during the HPHT annealing by formation and dissociation 
of N-V defects. This has already been investigated in chapter 6, paragraph 7.3, and can 
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ta 
k6[N-V (t)] +k4[H3(t)] (B. 7) 
dt 
a and y are the fraction of A and C defects respectively which capture a vacancy and 
these have been determined in chapter five. Equation B. I describes the release of mono- 
vacancies from the vacancy source, the first term of the r. h. s. of equation B. 2 describes 
the migration of the mono-vacancies from the vacancy source, the second term describes 
the loss of vacancies to dislocations, the surface or other vacancy traps, the last term 
describes the generation of vacancies from the nitrogen-vacancy complexes. The r. h. s. of 
equation B. 3 describes the trapping and release of vacancies by the A defect and the 
formation of H3 defects. Equation BA describes the formation and dissociation of the H3 
defects. The r. h. s. of equation B. 5 describes the increase in A defect concentration by re- 
aggregation, the loss of A defects by dissociation of A defects and vacancy trapping. The 
r. h. s. of the C defect formation equation (equation B. 6) includes the re-aggregation of C 
defects, the increase in C defects due to dissociation of A defects, loss of C defects by the 
formation of N-V defects, the increase in C defects by H3 dissociation and N-V 
dissociation in a nitrogen atom and a vacancy. Equation B. 7 describes the N-V defect 
formation and dissociation. The right hand side of the equation describes the formation 
of N-V defects, the dissociation of N-V defects and the formation of N-V defects by 
removing a single nitrogen atom from the H3 defect. 
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The rate constants kj, fastý kdi,,, kaggr, are tabulated in table 6.14 of chapter 6 and ki, k2, k3 
need to be determined experimentally by numerically solving equations B. 1 to B. 7 and 
varying the respective pre-exponential factor and activation energy to the experimental 
data. 
The dissociation of H3 defects into aC and an N-V defect leads to a supersaturation of C 
defects during the initial stages of the annealing (see figure B. 1) and this supersaturation 
decreases quickly to the thermodynamically stable level. Lowering the temperature will 
slow down the processes at a different rate, because every process has a different 
activation energy. However, the difference in C defect concentration at lower 
temperature (T = 21 OO'C) will not be sufficient to distinguish between the two H3 defect 
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--- H3 into N+ N-V 
- H3 into A+V 
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Time (min. ) 
Figure B. 1. The concentration of C defects after HPHT annealing when H3 dissociates 
inA+VorN+N-V. 
Since this initial supersaturation of C defects is too small to be resolved experimentally, it 
is possible that the different concentration of N-V defects created by the two different H3 
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Time (min) 
Figure B. 2. The simulation of the concentration of N-V defects, generated during 
HPHT annealing of brown type la diamond with [A] = 20 pprn and [B] = 300 ppm. 
The hatched region is where the N-V concentration is below the UV-VIS absorption 
detection limit. The top curve is the concentration of N-V defects when H3 dissociates 
into single nitrogen and N-V defect combination, the lower curve is when H3 splits 
into and A defect and a vacancy. The maximum concentration of N-V defects should 
be detected after -9 minutes. 
The time-evolution of N-V defects suggests the split up of H3 defects into a nitrogen plus 
an N-V defect combination. Annealing at higher temperatures results in a similar picture 
like figure B. 2, but the maximum of N-V concentration occurs after 2 minutes in the H3 
-A+V reaction and after 4 minutes for the H3 -N+ N-V reaction (figure B. 2). 
Again, the concentration of N-V defects is below absorption detection limit when the H3 
--o, A+V reaction occurs. Note that both models of H3 defect destruction results in a 
very small and experimentally not resolvable difference in H3 defect concentrations. 
A simulation of the HT annealing data of Collins (1978,1980) and with equations B. 1 - 
B. 7 to model the H3 --+ N+ N-V reaction instead of the H3 -A+V reaction results in 
very small nitrogen aggregation in contradiction to the results of Collins (1980) and 
clearly proves the H3 defect dissociates by removal of the vacancy: H3 -A+V. 
Therefore in all simulations we use the model where H3 defects dissociate in an A defect 





C. l. Introduction 
of colour changes by 
In this appendix, a number of photos of typical colours of diamonds after various colour 
treatments (irradiation, annealing, HPHT annealing, or combinations thereof). The 
examples shown here are: 
- The colour of diamond after irradiation with electrons. 
- The change of the colour of a diamond after irradiation with electrons and subsequent 
annealing at 800*C. 
- The colour change after HPHT annealing of brown type IaA/B diamond, and the 
colour change if this is followed by irradiation and annealing at 800'C. 
Each of the colour treatments will induce a different colour in the diamond and as will be 
shown below, a combination of treatments will also give the diamond a different colour. 
C. 2. Irradiation 
After irradiation of a colourless diamond, the diamond has a blue-green to green colour, 
depending on the irradiation dose and energy (figures C. I. and C. 2. ). 
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Figure C. I. A green diamond sample after irradiation with electrons (dose: 8 10'8 
e-/cm2, energy: 8 MeV). 
Figure C. 2. The various colours of diamonds after irradiation (irradiation 
conditions unknown). From left to right: depending on the irradiation dose and 
energy, the diamond can be black, green or blue. 
C. 3. Irradiation and annealin (T = 8001C, lh) 
By annealing of irradiated type la diamond, H3 and H4 defects are created. The 
absorption because of 594 nm defects is also increased in strength, and the net result is a 
golden yellow colour of the diamond (figure C. ' )). 
Figure C. 3. A diamond after irradiation and annealing at 800'C. The colour of 
the diamond changed from green to golden yellow. 
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CA HPHT annealing of brown tvpe la diamond 
Depending on the length of the annealing time and the annealing temperature, the colour 
of a brown type la diamond can change from brown to yellow-green or yellow. After 
irradiation and annealing, N-V defects can be created, leading to a purple-red colour 




Figure CA The different colours of a brown type la diamond after HPHT 
annealing, and irradiation and heat treatment. After HPHT annealing the colour of 
the brown diamond changed into a yellow-green colour. After irradiation and 
annealing the colour of the diamond changes into purple-red. 
Cý dp dF 
Figure C. 5. Brilliant polished diamonds after HPHT annealing. Annealing for a 
shorter time or at lower temperature will give the diamond a yellow-green colour 
(diamonds on left and right side). Prolonged annealing or annealing at higher 
temperature will give the diamond a yellow to orange colour (diamond in the 
centre). 
Shorter annealing at relatively lower temperature of brown type laA/B diamond results in 
a yellow-green colour change (the diamonds on left and right side of figure C. 5. ). This is 
caused by the creation of large concentrations of H3 defects in the diamonds, responsible 
for the increase in yellow colour. The fluorescence because of the H3 defect gives the 
diamond a green colour. 
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Longer annealing or annealing at very high temperature will result in a type lb like colour 
because of the formation of relatively large concentrations of C defects. Depending on 
the concentration of C defects, the colour can be light yellow (low colour saturation) to 
orange (high colour saturation) (figure CA, the diamond in the middle). 
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